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Abstract 

Groundwater plays a critical role in meeting drinking and agricultural water demands in India. This review focuses on 

regional variations in groundwater quality, contamination sources, and remediation strategies. The evaluation 

encompasses pH, electrical conductivity, total dissolved solids, hardness, major ions, and contaminants including 

fluoride, arsenic, nitrates, and heavy metals. Results reveal significant regional variations, with contamination driven 

by intensive agriculture, industrial activities, mining, urbanization, and geological factors. Water Quality Index 

assessments indicate that while many groundwater sources meet drinking standards, numerous sites exceed 

permissible limits, requiring treatment. Contamination stems from both natural processes (mineral dissolution, rock-

water interactions) and anthropogenic activities (fertilizer application, industrial effluents, domestic sewage, mining 

operations). Health risk assessments demonstrate elevated non-carcinogenic risks in fluoride and nitrate-affected 

areas, causing fluorosis, Arsenicosis, methemoglobinemia, and other waterborne diseases. Various remediation 

approaches suitable for Indian conditions have been investigated, including membrane-based systems, electrochemical 

methods, adsorption techniques, and nature-based solutions. This review provides integrated understanding of India's 

regional groundwater quality challenges and emphasizes the necessity for targeted interventions, enhanced 

monitoring, and sustainable management strategies to protect groundwater resources. The review further provides an 
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integrated regional comparison framework linking contamination sources, hydrogeochemical processes, health risks, 

and remediation strategies for groundwater management in India. 

1. Introduction 

1.1 Groundwater Significance in India 

Water security in India is largely dependent upon groundwater, as it meets more than 85% of rural drinking 

water demands and nearly half of the urban water demands (Prasad & Rao,2018, Rajendran et al.,2024). 

With annual extraction exceeding 230 billion cubic meters, India is the largest user of groundwater 

worldwide (Kaur et al. 2019). The groundwater system is generally distributed across the major 

hydrogeological zones like the Indo-Gangetic plains, the Deccan plateau, and the coastal zones. These zones 

show considerable variations in groundwater quality due to differences in geological environments, climatic 

conditions, and the extent of human interference (J. A. et al., 2025& Dhakshinamoorthy, Selvarajan, 2025). 

In the last few decades, the increasing trend of groundwater exploitation, along with the fast pace of 

industrialization, intensified agricultural activities, and urbanization, has caused a deterioration in water 

quality (Pandey et al.2023, Pattnaik & Bhowmick, 2020). Water contamination by fluoride, arsenic, nitrate, 

metals, and salinity has been reported in a significant number of districts of the country, which is a major 

threat to public health (Kadam et al.2021, Yenugu et al.2020). To overcome these challenges, there is a need 

for a good understanding of regional patterns of groundwater quality and identification of natural as well 

as anthropogenic sources of contamination. This knowledge is essential for developing management, 

protection, and remediation strategies for sustainable use of groundwater in India (Sharma et al. 2021, 

Kaliyan et al. 2022). This review adopts an integrated approach by linking regional contamination patterns, 

groundwater chemistry, health risks, and remediation strategies to provide a comprehensive understanding 

of groundwater quality in India. Unlike earlier review studies that primarily focused on isolated 

contaminants, localized groundwater quality assessment, or individual hydrogeochemical processes, the 

present review provides an integrated nationwide synthesis of groundwater contamination in India by 

combining regional hydrogeochemical variability, contaminant distribution patterns, physicochemical 

characteristics, human health risks, remediation technologies, and management strategies within a single 

assessment framework. The review comparatively evaluates contamination trends across major 

hydrogeological regions of India and incorporates recently published literature up to 2025. In addition, the 

study emphasizes the interrelationship between contaminant sources, hydrogeochemical controls, health 

implications, and remediation approaches, thereby providing a broader multidisciplinary perspective useful 

for researchers, policymakers, and groundwater management agencies. 

 

1.2 Methodology of Review 



The present study was conducted as a structured literature review aimed at synthesizing regional 

groundwater contamination characteristics, hydrogeochemical controls, health risks, and remediation 

strategies across India. Relevant peer-reviewed literature published between 2000 and 2025 was 

collected from scientific databases including Scopus, Web of Science, Google Scholar, 

ScienceDirect, and SpringerLink using keywords such as “groundwater quality India,” “fluoride 

contamination,” “arsenic groundwater,” “nitrate pollution,” “water quality index,” and “health risk 

assessment.” Initially, approximately 300 research articles were identified through database 

searching. After removal of duplicate and irrelevant records, studies were screened based on title, 

abstract, methodological clarity, and relevance to groundwater quality assessment in India. Studies 

lacking quantitative groundwater quality data, clear methodological description, or regional 

relevance were excluded. Finally, 115 studies were selected for detailed review and synthesis. 

1.2.1 The inclusion criteria included  

(i) Peer-reviewed articles. 

(ii) Studies focused on groundwater quality in India. 

(iii)Studies reporting physicochemical parameters, contaminant concentrations, health risk 

assessment, or remediation approaches. 

(iv) Studies containing sufficient methodological and analytical information. 

1.2.2 The exclusion criteria included 

(i) Incomplete datasets, 

(ii) conference abstracts without full text, 

(iii) studies lacking clear sampling or analytical procedures 

(iv) duplicate or non-region-specific reports. 

Because of substantial variability in hydrogeological conditions, sampling strategies, analytical 

methods, temporal scales, and reporting formats among the reviewed studies, the collected 

information was synthesized qualitatively rather than through formal meta-analysis. The reported 

concentration ranges and regional trends should therefore be interpreted as indicative comparative 

assessments rather than statistically aggregated national values. that primarily focused on isolated 

contaminants, localized case studies, or individual hydrogeochemical processes, the present review 

attempts to provide a unified nationwide synthesis of groundwater contamination in India by 

integrating regional hydrogeochemical variability, contaminant sources, health risk implications, 

remediation technologies, and management strategies within a single assessment framework. The 



review also incorporates recently published literature up to 2025 and comparatively evaluates 

contaminant occurrence across major hydrogeological regions of India. This integrated perspective 

is intended to support researchers, policymakers, and groundwater management agencies in 

developing region-specific mitigation and sustainable groundwater management strategies. The 

detailed literature identification, screening, eligibility assessment, and final inclusion process 

adopted in the present review is illustrated in Figure 1 The review methodology adopted in the 

present study improves transparency, reproducibility, and comparability of synthesized groundwater 

quality information across different hydrogeological regions of India. 

Table 1. Inclusion and Exclusion Criteria Used for Literature Selection 

 

 

 

 

 

 

Criteria Type Inclusion Criteria Exclusion Criteria 

Publication Type Peer-reviewed journal articles Conference abstracts without full 

text 

Study Area Groundwater quality studies 

conducted in India 

Non-Indian or non-region-

specific studies 

Data Requirement Quantitative groundwater quality 

parameters and contaminant data 

Incomplete datasets 

Methodology Studies with clear sampling and 

analytical procedures 

Studies lacking methodological 

clarity 

optic Relevance Hydrogeochemistry, contamination, 

health risk, remediation 

Studies unrelated to groundwater 

contamination 

Publication Period         2000–2025 Publications outside selected 

timeframe 



  

Figure 1. PRISMA-style flow diagram showing literature identification, screening, eligibility 

assessment, and final study selection process adopted in the present review. 

To improve methodological transparency and reproducibility, the literature screening and study selection 

process was performed using a PRISMA-style framework. The inclusion and exclusion criteria adopted for 

study selection are summarized in Table 1. 

 

1.3 Research Objectives and Scope. 

This review article attempts to collate and assess the available literature for the evaluation of groundwater 

quality in different regions of India. The main objectives of the study are to identify the regional variability 

in the physicochemical properties and concentration of major pollutants in groundwater. The study also 

attempts to identify the natural and anthropogenic sources of groundwater pollution, along with the health 

hazards that may result from the consumption of polluted groundwater. The review also attempts to identify 

the most commonly used water quality standards, indexing techniques, and treatment options that are 

Records identified from databases (n = 300) 

Scopus (n = 95) 
Web of Science (n = 62) 

Google Scholar (n = 88) 

Science Direct/Springer Link (n = 55) 

Records after duplicates removed (n = 265) 

Records excluded after title/abstract screening (n = 110) 

Full-text articles assessed for eligibility (n = 155) 

Full-text articles excluded (n = 40) 

Reasons: 

Insufficient quantitative groundwater data (n = 15) 

Unclear methodology or analytical procedure (n = 10) 

Non-Indian/regional mismatch studies (n = 8) 

Duplicate datasets/repetitive studies (n = 7) 

 

Total studies included in review (n = 115) 

Identification  

Screening 

Eligibility 

Included 



applicable in the context of India. The main advantage of the review article lies in the identification of the 

available literature and the valuable information that could be obtained for the better management of 

groundwater resources in India (Shukla & Saxena 2021, Hossain et al.2021). Although emerging 

contaminants such as pharmaceuticals, PFAS, pesticides, antibiotic residues, and microplastics are 

increasingly recognized as potential groundwater pollutants, the present review primarily emphasizes 

conventional inorganic contaminants because of their widespread occurrence, stronger data availability, and 

greater public health significance in the Indian context. 

2. Regional Groundwater Contamination Patterns 

2.1 North India. 

The groundwater quality problems in North India are diverse, particularly in the Indo-Gangetic Plain. In 

Punjab and Haryana, intensive agricultural activities have led to groundwater contamination. In these areas, 

high nitrate concentrations, i.e., above 45 mg/L, have been recorded in 40-60% of groundwater samples, 

primarily due to the overuse of chemical fertilizers (Saha & Pal, 2025, Raja & Neelakantan, 2021). In the 

Malwa belt of Punjab, uranium contamination is a major issue with its level up to 644 µg/L compared to 

the WHO guideline value of 30 µg/L. The contamination is attributed to the use of phosphate fertilizers as 

well as geological sources (Tanwer et al. 2023). In Rajasthan, the groundwater is significantly affected by 

arid and semi-arid climatic conditions. High fluoride levels ranging from 1.5 to 8.5 mg/L and high salinity 

are commonly reported. These conditions are mainly attributed to high rates of evaporation and dissolution 

of fluoride minerals and low rates of natural recharge (Kaur & Godara, 2025, Maurya et al. 2025, Dhakate 

et al. 2022). In the case of Delhi and its surrounding National Capital Region, groundwater is characterized 

by elevated concentrations of total dissolved solids, hardness, and nitrates, with concentrations of 500 to 

2500 mg/L, 300 to 800 mg/L, and 50 to 150 mg/L, respectively. These issues are mainly related to sewage 

water leakage, industrial waste, and agricultural runoff (Maurya et al. 2021, Singh et al.2024). In Uttar 

Pradesh, there is a high degree of spatial variability in groundwater quality. In eastern parts of the state, 

arsenic contamination of groundwater, with concentrations varying between 10 and 500 µg/L, is common, 

whereas fluoride contamination, with concentrations varying from 1.5 to 6.0 mg/L, is common in the 

western parts of Uttar Pradesh (Adimalla.2020, Karunanidhi et al.2021). In Jammu and Kashmir, 

groundwater quality is relatively good, although localized pollution, mainly related to agricultural activities 

and poor sanitation, has been reported in certain areas of the valleys (Chakraborty et al. 2021). The 

variability in groundwater contamination in North India is mainly regulated by the interaction of 

agricultural practices, hydrogeology, and urbanization. The nitrate concentration in the groundwater of 

Punjab and Haryana is strongly influenced by the excessive application of fertilizers (Saha & Pal. 2025& 

Raja & Neelakantan 2021, Marghade et al. 2021). The presence of uranium in the Malwa region is regulated 

by both geochemical and fertilizer components (Tanwer et al. 2023). Arsenic in the groundwater of the 



eastern part of Uttar Pradesh is regulated by reductive dissolution in the alluvial aquifers (Adimalla.2020, 

Karunanidhi et al. 2021). It is concluded that groundwater quality is location-specific and is regulated by 

both geochemical and anthropogenic factors. 

2.2 South India. 

In South India, groundwater is mostly linked with hard rock aquifer systems that are recognized to exhibit 

specific hydrogeochemical signatures. In Tamil Nadu State, fluoride contamination is widespread, with 

fluoride levels ranging from 1.5 to 12 mg/L covering 15 districts. The maximum fluoride levels are reported 

from Salem, Dharmapuri, and Krishnagiri districts due to the weathering of fluoride-bearing granites and 

gneisses (Ramalingam et al.2022, Ramajayam et al. 2024). Seawater intrusion is another major problem 

reported from the coastal areas of Tamil Nadu State, where the chloride level is above 1000 mg/L and 

electrical conductivity is above 3000 µS/cm, extending up to 5-10 km inland (Ramajayam et al. 2024, Singh 

et al. 2024). The groundwater quality in Karnataka state has been found to vary in different agro-climatic 

zones. In the northern districts of the state, the groundwater exhibits elevated concentrations of fluoride (2–

8 mg/L) and nitrate (50–200 mg/L), whereas salinity intrusion is a major problem in the coastal districts 

(Sarma & Singh.2023, Taloor et al.2023). In the Bangalore urban region, the groundwater has been 

found to be contaminated by elevated concentrations of nitrate (45–120 mg/L), the presence of heavy metals 

such as iron, manganese, lead, and chromium, and bacterial contamination. The causes of groundwater 

contamination in this region include industrial activities and the lack of proper sewage treatment systems 

(Panneerselvam et al.2021, Biswas et al. 2023). Andhra Pradesh and Telangana states have reported 

widespread fluoride contamination in various districts, ranging from 1.5 to 9.5 mg/L. The problem is more 

acute in districts like Nalgonda, Prakasam, and Guntur (Goyal et al. 2025, Karanveer et al. 2022). In the 

state of Kerala, the groundwater in the coastal region is highly affected by seawater intrusion. Chloride 

levels above 1500 mg/L have been reported in about Approximately 30–40% of groundwater wells located 

within 2 km of the coastline have reported elevated salinity and chloride concentrations due to seawater 

intrusion. (CGWB.2017). Inland regions of the state have shown better groundwater quality, although some 

instances of water pollution by agricultural and domestic waste disposal have been reported (Sane et al. 

2025). Puducherry has reported high salinity levels, ranging from 1000 to 3500 mg/L in terms of TDS, 

along with nitrate levels ranging from 50 to 180 mg/L due to the high intensity of agricultural activities in 

the region (Subramaniyan & Ganesan. 2024). The regional variation in groundwater quality in South India 

is controlled by hard rock aquifer systems, climatic conditions, and coastal processes. For instance, elevated 

concentrations of fluoride in groundwater are linked to increased water-rock interaction in granitic rocks 

(Ramalingam et al. 2022, Singh et al.2020, Adimalla et al.2020). whereas salinity in coastal groundwater is 

controlled by excessive groundwater abstraction and hydraulic imbalance (Singh et al. 2024, Sarma & 



Singh, 2023). In some cities like Bangalore, elevated nitrate concentrations are observed and heavy metals 

due to poor management of wastewater (Panneerselvam et al. 2021, Biswas et al. 2023). These are examples 

of the effects of geology, urbanization, and coastal processes on groundwater quality. 

2.3 East India. 

Eastern India has a very serious groundwater quality problem, which is mainly in the form of arsenic 

contamination. This problem is particularly acute in the West Bengal region, where arsenic has been found 

in 79 blocks in nine districts. The concentration of arsenic has been found to vary from 10 to as high as 

3200 µg/L, which is well above the WHO guideline value of 10 µg/L (Mukherjee et al.2015 & Sabinaya et 

al.2023 & Khan et al. 2021). The source of arsenic in the groundwater in the eastern part of India is natural. 

Geological processes are responsible for the occurrence of arsenic in the groundwater in the eastern part of 

India. The reducing conditions in the alluvial aquifer allow the release of arsenic from iron oxyhydroxide 

into the groundwater (Malik et al. 2021). A similar trend has been observed in the Bihar region, where 

arsenic contamination has been reported in about 15 districts, with a maximum concentration of 1800 µg/L 

(Sahu et al. 2017). In Jharkhand, the groundwater quality is highly affected by mining activities. In areas 

where coal mining, iron ore mining, and industries are prevalent, high concentrations of heavy metals such 

as iron, manganese, lead, cadmium, chromium, copper, and zinc have been recorded (Panneerselvam et al. 

2023 & Reddy et al.2022). In addition, fluoride contamination has been recorded in the western districts, 

where the concentration of fluoride varies from 1.5 to 6.5 mg/L, primarily due to geological factors (Singh 

et al. 2022). In Odisha, a significant variation in groundwater quality has been recorded. In the coastal areas, 

salinity intrusion is a major problem, whereas in the western districts, fluoride concentrations vary from 2 

to 7 mg/L, and areas near mining and industrial activities have high concentrations of heavy metals (Kouser 

et al.2022). The quality of groundwater in Assam and other states in the northeastern region tends to be 

better, considering the high rainfall and good recharge conditions. Yet, there are some reported cases of 

contamination in the tea estate areas, oil refineries, and in places with poor sanitation facilities (Basha et 

al.2022). At some places, the iron and manganese content in the groundwater also exceeds the permissible 

limits of 0.3 mg/L and 0.1 mg/L, respectively, mainly because of the reducing conditions in the aquifers. 

(Singh et al.2022) The major processes controlling groundwater contamination in eastern India are geogenic 

in nature, dominated by arsenic contamination in reducing environments in alluvial aquifers (Mukherjee et 

al.2015, Sabinaya et al., 2023, Khan et al., 2021). In contrast to western and southern India, where 

groundwater contamination is dominated by fluoride, eastern India has its own set of groundwater 

contamination processes, dominated by sedimentary geology and redox chemistry (Malik et al.2021, Sahu 

et al. 2017).In addition, there is heavy metal contamination in Jharkhand due to mining activities, which 

clearly indicates anthropogenic influences on groundwater chemistry (Panneerselvam et al., 2023 , Reddy 

et al.2022). 



2.4 West India 

Significant variations in the quality of groundwater in Western India have been observed. In Gujarat, various 

problems in the quality of groundwater have been reported. Fluoride contamination in the range of 1.5 to 

10 mg/L has been reported in ten districts. The coastal areas in the Saurashtra and Kutch districts are also 

affected by salinity intrusion, where the TDS level ranges from 1500 to 5000 mg/L. Moreover, areas where 

agricultural activities are concentrated also face problems of nitrate contamination in the range of 50 to 300 

mg/L (Yadav et al.2018, Dhanya Raj & Shaji, 2017, Shaikh et al., 2020). Groundwater contamination by 

heavy metals like chromium, lead, cadmium, and nickel has been reported in the industrial areas around 

Ahmedabad, Vadodara, and Surat cities, which is attributed to the effluent discharge from the textile, 

chemical, and pharmaceutical industries (Srinivas et al. 2013). Groundwater quality in Maharashtra exhibits 

significant spatial variability influenced by geological and anthropogenic factors In Vidarbha and 

Marathwada, the presence of fluoride ranges between 2-8 mg/L. Nitrate-related problems are present in 

areas with sugarcane cultivation, ranging between 50-250 mg/L. (Mhaske et al. 2022, Naskar et al., 2025). 

Regions with industries have higher levels of heavy metals in groundwater. In Mumbai and other major 

cities, the issue of total dissolved solids, hardness, and bacterial presence are major problems, and these are 

mainly caused by leakage in the sewage system and industries (Wagh et al.2019). In the state of Goa, the 

presence of seawater in the groundwater of the coastal areas ranges between 40-50% with chloride levels 

above 2000 mg/L within 3 km of the shoreline (Sidhu et al.2024). In the western part of India, the 

groundwater quality is affected by the arid climatic conditions, the high intensity of agriculture, and 

industrialization. elevated fluoride and salinity concentrations in groundwater samples are related to 

evaporation and the dissolution of minerals (Yadav et al.2018, Dhanya Raj & Shaji. 2017, Shaikh et 

al.2020). elevated concentrations of nitrate in groundwater samples reflect the impact of agricultural 

activities (Shaikh et al.2020). Industrialization has affected the groundwater quality in the form of heavy 

metals in the urban areas (Srinivas et al. 2013). The impact in the western part of India is a mix of geogenic 

and anthropogenic factors compared to the eastern part. 

2.5 Central India 

Groundwater in Central India reflects the fingerprints of nature as well as human activities. In Madhya 

Pradesh, the presence of fluoride poses a problem in several areas, ranging from 1.5 to 7.5 mg/L over 14 

districts of the state. The districts of the Malwa Plateau and Vindhyan areas are of particular concern, and 

the cause of the problem is the weathering of those minerals containing fluoride (Karunanidhi et al. 2021, 

Vijayakumar et al.2021). Nitrate contamination of groundwater occurs in several agricultural districts, 

where the excessive use of chemical fertilizers is the major cause of the problem, with nitrate concentrations 

ranging from 50 to 180 mg/L (Alam et al. 2024). In the state of Chhattisgarh, the groundwater scenario 

reflects the impact of mining and industries. In the state, heavy metals like iron, manganese, chromium, 



lead, and cadmium are present in groundwater at elevated concentrations, often two to ten-fold higher than 

the permissible limits (Saw et al.2022, Ullengula et al. 2026). In the coal mining areas, sulphate 

concentrations are significantly elevated, ranging from 200 to 600 mg/L, and TDS concentrations are also 

elevated, ranging from 1000 to 3000 mg/L, mainly because of Acid mine drainage (Karunanidhi et al.2020). 

In the agricultural areas, nitrate contamination of groundwater occurs, with concentrations ranging from 45 

to 150 mg/L, mainly because of the application of fertilizers and the disposal of organic waste (Ambade et 

al.2024). The figure represents the Groundwater Contamination Hotspots in India. The quality of 

groundwater in central India is characterized by various geological formations and anthropogenic activities 

like mining and agricultural activities Higher concentrations of fluoride ions are related to the weathering 

of minerals, whereas heavy metal contamination is mainly related to mining activities. Compared to other 

regions, central India is characterized by mixed contaminant patterns due to various natural and 

anthropogenic factors. The map highlights dominant groundwater contamination zones reported in 

reviewed studies, including arsenic contamination in eastern alluvial aquifers, fluoride enrichment in 

western and southern hard-rock terrains, nitrate contamination in agriculturally intensive northern regions, 

salinity intrusion in coastal aquifers, and heavy metal contamination near mining and industrial zones. 

 

 

 



 
Figure 2. Regional distribution of major groundwater contaminants across India showing dominant 

fluoride contamination in western and southern states, arsenic occurrence in eastern alluvial plains, 

and nitrate enrichment in agriculturally intensive regions. 

2.6 Comparative Regional Analysis 

A regional perspective of groundwater contamination in India shows varying degrees of contamination. In 

the northern part of India, the major groundwater contamination problems are related to nitrates and 

uranium. These are primarily related to agricultural activities and fertilizer usage. In the western and 

southern parts of India, fluoride and salinity are major groundwater contamination problems. These are 
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related to geological and climatic factors. In the eastern part of India, arsenic contamination is a major 

problem, and this is primarily related to geological factors. In central India, heavy metals are a major 

groundwater contamination problem, and this is primarily related to mining activities (Saraswat et al. 2023, 

Khan et al. 2021). A comparative evaluation of groundwater quality in various regions of India has shown 

specific patterns of groundwater quality in different regions. Northern and western regions exhibit 

contamination patterns dominated by nitrate and fluoride, respectively, due to agricultural activities and 

climatic conditions (Yadav et al.2018, Dhanya Raj & Shaji. 2017, Shaikh et al. 2020). The eastern parts of 

India are affected by arsenic contamination (Malik et al. 2021). whereas in southern India, both fluoride 

and salinity are major groundwater quality problems (Ramalingam et al. 2022). In central India, mining 

activities are responsible for heavy metal contamination (Saw et al. 2022, Ullengula et al. 2026). The results 

show that groundwater contamination is region-specific. The regional variations in groundwater quality 

discussed above can be seen in terms of physicochemical properties of groundwater, which are discussed 

in detail in the next section. The variations discussed here show how geology and human activities affect 

groundwater chemistry in various parts of India. 

Table 2: Regional Groundwater Quality Parameters Across Major Indian Locations 

State pH EC 

(µS/cm

) 

TDS 

(mg/L

) 

TH 

(mg/L

) 

F⁻ 

(mg/L

) 

NO₃⁻ 

(mg/L

) 

As 

(µg/L

) 

Primary 

Concern

s 

Authors 

Punjab 7.2-

8.5 

800-

3500 

500-

2200 

300-

900 

0.5-

2.5 

45-

250 

5-644 Nitrate, 

Uranium 

Saha&Pal.2025, 

Raja& 

Neelakantan.2021, 

Marghade et al. 

2021 

Rajasthan 7.0-

8.8 

1200-

5500 

750-

3500 

400-

1500 

1.5-

8.5 

20-

120 

<10 Fluoride, 

Salinity 

Kaur & Godara, 

2025, Maurya et 

al.2025, Dhakate 

et al.2022 

Delhi 

NCR 

7.1-

8.3 

900-

4000 

600-

2500 

300-

800 

0.3-

2.0 

50-

150 

<10 TDS, 

Nitrate, 

Hardness 

Maurya et al.2021, 

Singh et al.2024 

Tamil 

Nadu 

6.8-

8.6 

800-

4500 

500-

3000 

250-

1200 

1.5-

12.0 

30-

180 

<10 Fluoride, 

Salinity 

Ramalingam et 

al.2022, Singh et 

al.2020, Adimalla 



et al. 2020 

 

Karnataka 6.5-

8.4 

700-

3800 

450-

2400 

200-

950 

2.0-

8.0 

50-

200 

<10 Fluoride, 

Nitrate 

Sarma& 

Singh.2023 

, Taloor et al. 2023 

 

West 

Bengal 

6.8-

7.8 

600-

2500 

400-

1600 

200-

700 

0.2-

1.5 

20-80 10-

3200 

Arsenic, 

Iron 

Mukherjee et al. 

2015, Sabinaya et 

al.2023, Khan et 

al.2021 

Bihar 6.9-

7.9 

650-

2800 

420-

1800 

220-

750 

0.3-

2.0 

25-90 10-

1800 

Arsenic, 

Fluoride 

Sahu et al.2017 

Gujarat 7.0-

8.7 

1000-

6000 

650-

4000 

300-

1800 

1.5-

10.0 

50-

300 

<10 Fluoride, 

Salinity, 

Nitrate 

Yadav et al., 2018, 

 Dhanya Raj & 

Shaji.2017, Shaikh 

et al.2020 

Maharash

tra 

6.8-

8.5 

750-

4200 

480-

2700 

250-

1100 

2.0-

8.0 

50-

250 

<10 Fluoride, 

Nitrate 

Mhaske et al.2022, 

Naskar et al.2025 

Madhya 

Pradesh 

7.0-

8.6 

800-

3600 

520-

2300 

280-

950 

1.5-

7.5 

50-

180 

<10 Fluoride, 

Nitrate 

 Karunanidhi et al. 

2021, 

Vijayakumar et al 

2021, 

 Alam et al.2024 

Chhattisg

arh 

6.5-

8.2 

700-

3500 

450-

2200 

240-

900 

0.5-

3.0 

45-

150 

<10 Heavy 

Metals, 

Nitrate 

Saw et al. 2022, 

Ullengula et 

al.2026, 

Karunanidhi et 

al.2020 

Odisha 6.7-

8.3 

650-

3800 

420-

2400 

220-

950 

2.0-

7.0 

30-

120 

<10 Fluoride, 

Heavy 

Metals 

G. et al. 2024 

Kouser et al.2022 

 



Table 2 The values presented are compiled from multiple studies corresponding to the cited 

references for each region. To provide a clearer regional comparison supported by literature, of 

India. 

Note: The concentration ranges presented in Table 2 represent compiled minimum–maximum ranges 

reported in the reviewed literature for different groundwater quality parameters across selected regions of 

India. The values are synthesized from multiple independent studies conducted under varying 

hydrogeological, seasonal, and analytical conditions and should therefore be interpreted as indicative 

comparative ranges rather than standardized regional averages. 

 

Table 3: Comparative Regional Summary of Groundwater Contamination in India 

Region Dominant 

Contaminants 

Typical 

Concentration 

Range 

Key Causes Severity Level Authors 

North India Nitrate, 

Uranium 

NO₃⁻ 50–150 

mg/L 

Fertilizers, 

agriculture 

High Saha & Pal. 

2025, 

Chakraborty 

et al. 2021 

South India Fluoride, 

Salinity 

F⁻ 2–12 mg/L Rock-water 

interaction, 

coastal 

intrusion 

High Ramalingam 

et al.2022, 

Subramaniyan 

&Ganesan. 

2024 

East India Arsenic As 10–3200 

µg/L 

Reductive 

dissolution 

(geogenic) 

Very High Mukherjee et 

al.2015, Singh 

et.al.2022 

 

West India Fluoride, 

Nitrate, Salinity 

F⁻2–10 mg/L Arid climate, 

agriculture 

High Yadav et 

al.2018, 

Sidhu et al. 

2024 

Central 

India 

Fluoride, Heavy 

Metals 

F⁻1.5–7 mg/L Mining, 

geology 

Moderate–

High 

Karunanidhi 

et al. 2021, 



Ambade et al. 

2024 

 

Table 3 Summarizes dominant contaminants, their typical ranges, and associated causes across 

different regions. 

Note: The contaminant concentration ranges summarized in Table 3 represent indicative ranges compiled 

from published regional groundwater studies. The values reflect reported concentration intervals from 

different hydrogeological settings and are intended for comparative regional assessment rather than direct 

statistical comparison. 

 The comparative analysis suggests that the arsenic contamination in eastern India poses the highest health 

risk in terms of toxicity and prevalence, while the fluoride contamination in the western and southern 

regions has a larger population affected. Nitrate contamination in India has moderate to high spatial 

variability and is associated with agricultural regions. These comparisons provide a semi-quantitative 

evaluation of the severity of groundwater contamination in India. 

3.Hydrogeochemical Characteristics and Contamination Mechanisms 

3.1 pH 

Groundwater pH in India ranges from a neutral to mildly alkaline level, usually between 6.5 and 8.8 

(Krishnappa et al.2024). If the pH level increases to above 8.0, then it is probably in the arid and semi-arid 

zones, where evaporation causes the dissolution of carbonate minerals. If the rainfall is significantly 

elevated or in areas where mines are present, then the pH level may turn slightly acidic (Shirke et al.2020). 

The level of pH is a very significant factor, as it influences the movement of metals, the interaction of 

minerals, and the treatment process (Saha et al.2024). 

 

3.2 Electrical Conductivity (EC) and Total Dissolved Solids (TDS) 

The range for groundwater conductivity is normally between 600 and 6000 µS/cm, which is equivalent to 

a TDS of about 400 to 4000 mg/L (Hanse et al.2019). Increased levels of electrical conductivity and TDS 

imply an increased amount of dissolved ions, often resulting from mineral weathering, evaporation, and 

human activities such as farming and industrial operations (Mukherjee & Singh. 2022). Research carried 

out in various parts of India has indicated that about 40% of the groundwater has TDS levels above the 

permissible limit of 500 mg/L (Sahoo et al. 2024; Mukherjee & Singh, 2022). (Sahoo et al.2024, Mukherjee 

& Singh, 2022). 

 

 

 



3.3 Total Hardness (TH). 

The range of total groundwater hardness is 200 to 1800 mg/L as CaCO3. Reviewed regional studies have 

reported that approximately 40–60% of groundwater samples in several investigated regions of India fall 

within the hard to very hard category. with values above 300 mg/L (Ravindra & Mor, 2019). The high level 

of groundwater hardness is attributed to the elevated concentrations of calcium and magnesium ions that 

are dissolved from rocks such as limestone, dolomite, and gypsum (Adimalla et al.2018). Although the level 

of water hardness is not a health hazard, high levels can cause pipe scaling and could possibly contribute 

to heart problems (Ahada & Suthar, 2019). Dissimilarities in methodologies for analysis applied in different 

studies, including differing limits of detection and types of instrumentation (e.g.ICP-MS vs. AAS), as well 

as sample preservatives applied, may also contribute to differing results. These methodological 

dissimilarities may add to the uncertainty in results (Hanse et al.2019, Mukherjee & Singh.2022). 

3.4 Major Cations and Anions. 

Cations 

Calcium and magnesium are the major cations present in Indian groundwater. The concentration of calcium 

ranges from 40-450 mg/L, while magnesium ranges from 20-280 mg/L. The major source of calcium and 

magnesium is mineral weathering, i.e., carbonate and silicate mineral weathering (Mawari et al. 2022). The 

concentration of sodium ranges from 20-800 mg/L, while potassium ranges from 2-50 mg/L. However, in 

arid areas, coastal areas, and areas of heavy agricultural activity, higher concentrations of sodium and 

potassium have also been reported, primarily due to evaporation, intrusion of seawater, and extensive use 

of chemical fertilizers (Mukherjee et al.2019).Higher concentrations of sodium also pose a major problem, 

as it reduces soil permeability and can be harmful to human health, especially for people suffering from 

hypertension (Yadav et al.2019). 

Anion 

The most common negatively charged ions present in groundwater are bicarbonate ions. The range of 

bicarbonate ions is between 150 to 800 mg/L. The bicarbonate ions are generally derived from the 

dissolution of carbonate minerals and the action of carbon dioxide (Ahada & Suthar. 2018). The level of 

chloride ions is generally between 20 to 2000 mg/L. The level of chloride ions is high in coastal areas where 

seawater intrusion occurs, dry areas where salts are present due to evaporation, and areas where sewage 

leakage is observed (Hussain et al.2012). The level of sulphate ions is generally between 20 to 600 mg/L. 

The level of sulphate ions is derived from the dissolution of gypsum minerals and industrial waste as well 

as acid mine drainage (Madhavan et al.2023). Around 35-45% of groundwater samples from highly 

intensive agricultural areas such as Punjab, Haryana, and Gujarat show nitrate levels above the permissible 

limit of 45 mg/L. Conversely, in less intensive areas, the levels of exceedance are low. This may be due to 

the variation in the application of fertilizers (Chaudhry & Sachdeva.2021). 



3.5 Heavy Metals and Trace Elements 

Fluoride. 

There are reports of the presence of fluoride in groundwater in many parts of India, with concentrations 

ranging from 1.5 to 12 mg/L. This problem occurs in several districts across several states, affecting millions 

of people (Das et al. 2009). The primary sources of fluoride in groundwater are the weathering of minerals 

like fluorite, apatite, and mica, all of which are present in the environment in granitic and gneissic rocks 

(Ghosh et al.2024). Groundwater chemistry, like pH, calcium, and bicarbonate, also contributes to the 

presence of fluoride in groundwater (Gupta et al. 2019). 

Arsenic 

Among the major groundwater pollutants, arsenic is particularly notable in India, and its concentration in 

water varies sharply, from a minimum of 10 µg/L to a maximum of 3200 µg/L, with particularly elevated 

concentrations of contamination detected in states such as West Bengal, Bihar, Uttar Pradesh, Assam, and 

Chhattisgarh (Gupta et al.2015).The major source of arsenic entering groundwater is the reductive 

dissolution of iron oxyhydroxides, particularly in anaerobic and alluvial aquifer systems (Cherukumilli et 

al. 2018). In groundwater, arsenic is observed in two forms, arsenite (As³⁺) and arsenate (As⁵⁺). Arsenite is 

more mobile and toxic than arsenate (Inaniyan & Raychoudhury, 2019). 

Other heavy metals 

Iron and manganese are often present in groundwater samples in concentrations higher than the safety 

limits, especially in areas where the environment of the aquifer is reducing. In these areas, iron 

concentrations vary between 0.1 and 15 mg/L, and manganese concentrations vary between 0.05 and 5 

mg/L. These two elements are often present together and can cause problems with the colour and taste of 

the water, as well as health risks (Koley, 2021). Other heavy metals, like lead (5-150 µg/L), cadmium (2-

50 µg/L), chromium (10-500 µg/L), copper (10-200 µg/L), and zinc (50-1000 µg/L), are usually reported 

in areas near industrial centres, mining areas, and areas with intensive agricultural activities, as these are 

the areas where human activities are the strongest (Singh et al.2024 , Awasthi et al.2021).Drinking water 

with these heavy metals can cause health problems like neurological disorders, kidney problems, and cancer 

(Khandaker & Rahman.2022). The figure represents the comprehensive seven-phase water quality 

assessment methodology employed for groundwater quality evaluation and Their Significance. 

 

 

 

 



 

Figure 3. Integrated methodological workflow adopted for groundwater quality assessment, 

hydrogeochemical interpretation, health-risk evaluation, and remediation strategy selection in 

Indian groundwater studies. 

The assessment workflow presented in Figure 3 demonstrates the importance of integrating field sampling, 

laboratory analysis, water quality indexing, hydrogeochemical interpretation, and health risk assessment 

for comprehensive groundwater quality evaluation. The figure indicates that groundwater assessment 

should not rely solely on physicochemical parameter measurement, but should also include interpretation 

of contaminant sources, exposure pathways, and associated human health implications. This integrated 

assessment approach improves the reliability of groundwater quality evaluation and supports region-

specific groundwater management strategies. 

Nutrients and Emerging Contaminants 

One of the most common nutrient pollutants in India's groundwater is nitrate. The primary sources of nitrate 

contamination are fertilizers, animal waste, and sewage. Nitrate contamination of groundwater is a major 

issue, as it has been reported that almost 40% of groundwater in highly cultivated areas exceeds permissible 

limits, although this is not so prevalent in areas with less agricultural activity (Marghade et al. 2023). In 

India, the normal concentration of phosphates in groundwater is within a range of 0.1 to 5 mg/L. An increase 
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in phosphates is a sign of organic pollution, which may result in eutrophication in water bodies that are 

connected to the groundwater (Wintgens et al.2015). In recent times, there has been a surge of interest in 

newer pollutants, including pesticides, pharmaceuticals, and microplastics, in India's groundwater. 

However, there is limited information on the sources, occurrence, and potential impact of these pollutants 

on India's groundwater (Pal et al. 2009, Sultan et al. 2024). In recent years, increasing concern has also 

been raised regarding emerging contaminants such as pesticide residues, pharmaceutical compounds, 

personal care products, antibiotic residues, PFAS (per- and polyfluoroalkyl substances), endocrine-

disrupting compounds, and microplastics in groundwater systems. These contaminants primarily originate 

from agricultural runoff, untreated sewage discharge, landfill leachates, industrial effluents, hospital 

wastewater, and improper disposal of domestic and pharmaceutical waste. Although systematic nationwide 

data for these contaminants in Indian groundwater remain limited, several localized investigations have 

reported detectable concentrations in urban, peri-urban, and agriculturally intensive regions. Long-term 

exposure to such contaminants may pose ecological risks, antimicrobial resistance concerns, endocrine 

disruption, and chronic human health impacts. However, due to limited monitoring data, inconsistent 

analytical methods, and lack of standardized national datasets, the present review mainly focuses on 

conventional inorganic groundwater contaminants such as fluoride, arsenic, nitrate, salinity, and heavy 

metals, which remain the most widely reported and critical groundwater quality concerns across India. 

3.6 Contamination Sources 

The diagram identifies the various sources of contaminations that affect the groundwater in India. The 

sources include runoff from agriculture, which contains fertilizers and pesticides; industrial waste, which 

contains heavy metals and chemical compounds; domestic sewage, which contains nutrients; mining, which 

results in acid and the release of metals; and geogenic sources, which contain fluoride and arsenic 

compounds that are released from the interaction between rocks and water. The pathways that are 

represented in the diagram include infiltration, leaching, and lateral movement from surface water bodies. 

It is worth noting that the variations in the reported values of groundwater quality from various sources 

may be attributed to various factors. For example, some sources may have been based on single-time 

sampling, while others may have been based on seasonal sampling. This may have caused inconsistencies 

in the reported values. It is significant to note that the groundwater quality data collected and compiled in 

this review have been obtained from various studies conducted over different time periods, hydrogeological 

settings, and methodological approaches. These factors can have a major impact on the data. For example, 

groundwater samples collected before the monsoon season have shown high concentrations of contaminants 

(Krishnappa et al. 2024, Shirke et al.2020). whereas samples collected after the monsoon season have 

shown low concentrations (Sahoo et al.2024). Similarly, alluvial aquifers have shown different geochemical 

characteristics compared to hard rock aquifers (Mawari et al.2022). Therefore, direct comparison of values 



across studies should be interpreted cautiously. The variation in physicochemical parameters and 

contaminant concentrations is related to both natural and anthropogenic sources. This is significant in 

understanding the patterns of groundwater chemistry discussed above. Figure 4 demonstrates that 

groundwater contamination pathways in India are highly interconnected. Agricultural runoff contributes 

primarily to nitrate and pesticide contamination, while industrial effluents are major sources of heavy metals 

and toxic chemicals. Geogenic contamination pathways differ significantly from anthropogenic pathways 

because they are strongly controlled by aquifer mineralogy and groundwater chemistry. The figure further 

highlights that contaminant migration occurs through infiltration, leaching, and groundwater flow 

processes, emphasizing the importance of hydrogeological conditions in contaminant transport 

 

 

Figure 4:  Major geogenic and anthropogenic groundwater contamination sources and contaminant 

transport pathways in Indian aquifer systems. (synthesized from literature). 

 

 

3.7 Natural Geogenic Sources 

Water can also be contaminated by natural geological and hydrogeochemical processes. Fluoride 

concentration increases due to the weathering of fluoride-bearing minerals like fluorite, apatite, biotite, and 

hornblende, which are present in rock formations of granite, gneiss, and volcanic origins (Malik et al. 2023). 

Also, groundwater with an alkaline nature (pH above 7.5), low calcium content, and high bicarbonate and 

sodium levels is more likely to dissolve more fluoride and move it around (Barathkumar et al. 2025). As 
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for the issue of arsenic contamination, it is mostly associated with alluvial aquifers where iron and 

manganese oxyhydroxide dissolution occurs reductively under anaerobic condition (Cherukumilli et al. 

2017). Microbial processes also enhance the degradation rate of organic matter and alter geochemical 

conditions, moving towards more reducing conditions, which in turn increases the release of arsenic in 

groundwater (Kalaiselvi & Pillai, 2019). Under arid and semi-arid conditions, salinity problems are mainly 

driven by the rapid rate of evaporation, the dissolution of salt minerals such as halite and gypsum, and the 

lack of recharge to groundwater (Vijaylaxmi & Khan, 2021). For example, in coastal aquifers, seawater 

intrusion occurs due to the pumping of groundwater, which changes the hydraulic gradients and causes 

seawater to flow inland (Saha et al.2014). Heavy metals such as iron, manganese, uranium, and thorium are 

found in specific geological formations and are transported through groundwater depending on parameters 

such as pH and redox reactions (Karunanidhi et al. 2024) 

3.8 Anthropogenic Sources 

Agricultural activities. 

Agricultural practices in most areas of India also contribute significantly to the contamination of 

groundwater. This is particularly so because of the extensive use of chemical fertilizers, which increases 

the nitrate and phosphate content in the water (Kumar et al.2017). The use of pesticides, coupled with 

irrigation return flows, further contributes to the degradation of the water quality. Moreover, in areas such 

as Punjab, Haryana, and Gujarat, the nitrate content in the water is above 100 mg/L, which is attributed to 

the extensive use of nitrogen fertilizers in these areas (Mandal & Sanyal.2019). Livestock and poultry 

farming also contributes to the contamination of the water table (Narsimha & Sudarshan. 2017). 

Industrial effluents 

 Industrial activities, such as finishing of textiles, chemical, and pharmaceutical products, tanning of leather, 

electroplating, and mining, also pose a major threat to groundwater. In this sector, heavy metals like 

chromium, lead, cadmium, nickel, copper, and zinc, along with organic compounds and other toxic 

chemicals, are being disposed of (Muthusamy et al. 2023). When treatment of effluent is inadequate, and 

disposal of wastes takes place in unlined areas, it is easy for chemicals to leach into groundwater (Nagaraj 

& Masilamani. 2023). Consequently, high concentrations of heavy metals are found in industrial areas of 

Gujarat, Maharashtra, Tamil Nadu, and West Bengal (Bhuiyan&Ray.2017). 

Domestic sewage and solid waste 

In addition, poor sewage disposal and unreliable sanitation facilities in urban areas also cause groundwater 

contamination. When untreated sewage enters the ground, it carries nitrates, phosphates, chlorides, and 

various organic compounds with it, thereby contaminating groundwater (Yasaswini et al.2024). In rural 

areas, open defecation also causes environmental pollution, leading to contamination of water bodies 

(Mukherjee et al.2021). Moreover, when solid wastes are disposed of in open dumps, leachate may carry 



heavy metals, organic compounds, and dissolved solids, thereby contaminating groundwater (Thalod & 

Sharma.2024). 

Mining operation 

Mining activities, like coal, iron, and bauxite mining, cause acid mine drainage, suspension of solids, and 

elevated levels of heavy metals (Panneerselvam et al. 2023). In groundwater, the pollution caused by mining 

activities runs very deep in the states of Jharkhand, Chhattisgarh, and Odisha (Reddy et al.2022). 

3.9 Contamination Pathways and Mechanisms 

Groundwater contamination occurs in various forms. Groundwater may be contaminated by seepage from 

surface sources, downward percolation from the unsaturated zone, and horizontal movement from already 

contaminated surface sources such as rivers, lakes, and canals. Groundwater may also be contaminated 

vertically or horizontally along fractures and joints, especially in hard rocks (Cherukumilli et al.2017). 

Contaminated groundwater does not move in an arbitrary manner; it is influenced by various elements. The 

behaviour and movement of the contaminant depend on the characteristics of the aquifer, i.e., the ease with 

which both water and contaminants pass through it (permeability), the available void spaces (porosity), and 

the minerals that react with the contaminant. Other elements include the hydrogeological characteristics, 

i.e., the rate at which the water table replenishes, the rate at which the groundwater moves, and the depth at 

which the water table lies. Finally, there are the characteristics of the contaminant, i.e. its solubility how 

easily it moves, and the period it lasts in the environment without degrading. All these elements contribute 

to the behaviour and movement of the contaminant in the aquifer system (Kalaiselvi & Pillai. 2019) 

4.  Health Implications 

This figure 5 depicts the pathway from contamination sources through exposure routes (drinking water, 

food chain, dermal contact) to health outcomes. It shows acute effects (gastrointestinal illness, 

methemoglobinemia) and chronic effects (fluorosis, Arsenicosis, cancer, neurological disorders, kidney 

disease) with vulnerable populations (children, pregnant women, elderly) highlighted. The contamination 

sources and pathways discussed above directly affect human exposure to polluted groundwater. The 

presence of pollutants such as fluoride, arsenic, nitrate, and heavy metals in groundwater poses serious 

health risks, which are discussed in the section below. Figure 5 illustrates the relationship between 

groundwater contamination exposure pathways and associated human health outcomes. The figure indicates 

that drinking water remains the dominant exposure pathway for most groundwater contaminants in India. 

Long-term exposure to fluoride, arsenic, nitrate, and heavy metals contributes to chronic health effects 

including fluorosis, arsenicosis, neurological disorders, kidney damage, and carcinogenic risks. The figure 



also highlights that children and elderly populations are more vulnerable because of higher exposure 

sensitivity and physiological susceptibility. 

 

 

 

 

Figure 5.  Major groundwater contamination exposure pathways and associated human health 

impacts in India. 
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4.1 Health Effects of Major Contaminants 

Fluoride 

When the amount of fluoride exceeds 1.5 mg/L, there is a high probability of causing fluorosis in both teeth 

and bones. In the case of teeth, fluorosis causes mottling and discoloration of the teeth, while in bones, it 

causes changes in the structure of the bones, joint pain, and lack of mobility (Das et al. 2009). In India, 

there is a high prevalence of fluorosis, and Previous national and regional assessments have estimated that 

nearly 66 million people in India may be exposed to fluoride-affected groundwater (WHO, 2017; Ghosh et 

al. 2024). In addition, it causes neurological effects, impacts IQ in children, and causes reproductive 

problems (Gupta et al.2019). 

Arsenic. 

Prolonged consumption of drinking water contaminated with arsenic causes a condition referred to as 

Arsenicosis, which manifests itself in the form of changes in the colour of the skin, keratosis, and other skin 

lesions (Gupta et al. 2015). Prolonged consumption also increases the risk of cardiovascular problems, 

neurological problems, diabetes, and various types of cancer, which affect the skin, lungs, bladder, and 

kidneys. A considerable number of people in eastern India continue to be at risk of arsenic poisoning 

through the drinking water supplied to them through the taps (Cherukumilli et al. 2018). Among the various 

compounds of arsenic, arsenite (As3+) is found to be more poisonous and mobile than arsenate (As5+) 

(Inaniyan & Raychoudhury, 2019). 

Nitrate 

Drinking water with nitrate concentration higher than 45 mg/L is particularly hazardous for babies, as it can 

cause methemoglobinemia, or ‘blue baby syndrome,’ which impairs the blood’s capacity for carrying 

oxygen [96]. Adults who are frequently exposed to nitrates have a higher probability of developing gastric, 

thyroid, and reproductive system diseases (Kumar et al.2017). In areas with heavy agricultural activity, 

there is a higher incidence of diseases associated with nitrate poisoning (Mandal & Sanyal,.2019). 

Heavy Metals 

The risk of health hazards from heavy metals in groundwater is a fact. Lead affects the nervous system, 

resulting in a drop in IQ, behavioural problems, and kidney damage (Singh et al.2024). Cadmium causes a 

buildup of the metal in the kidneys, resulting in renal failure and bone disease (Awasthi et al.2021). 

Hexavalent chromium is a known carcinogen and causes lung and digestive cancers (Khandaker & 

Rahman.2022) Iron and manganese, although essential, in high concentrations make water unattractive and 

have a potential impact on the neurological system (Koley. 2021). 

Salinity and hardness 

Excessive levels of total dissolved solids and hardness in water cause kidney stones, heart and blood vessel 

problems, and stomach upsets (Ahada & Suthar.2019). Increased levels of sodium also pose a threat, 



especially for people suffering from hypertension or heart conditions (Yadav et al.2019). 

5 Health Risk Assessment 

For assessing the health risks associated with groundwater contamination, the hazard quotient (HQ) and 

hazard index (HI) are often employed as measures of noncarcinogenic risk, while the cancer risk (CR) is 

applied to those substances that are known to induce carcinogenicity (Khandaker & Rahman.2022). 

 If the HQ or HI is greater than or equal to 1, it indicates that a particular compound poses a potential health 

risk. In different regions of India, it has been reported that the HI value is greater than unity for 71 to 78% 

of groundwater samples contaminated with fluoride and nitrate (Marghade et al.2023). Estimated cancer 

risks in areas contaminated by arsenic often approach and even surpass the acceptable limit of 10⁻⁴, where 

about Several regional health risk assessment studies have reported that approximately 60–80% of analyzed 

groundwater samples in arsenic-affected regions exceeded the acceptable carcinogenic risk threshold. 

(Gupta et al.2015). This also emphasizes the seriousness of the long-term risks of arsenic exposure through 

drinking water and the need to address the problem. Children are also at a higher risk than adults because 

they weigh less and drink more water per kilogram of weight than adults (Singh et al.2024). Other 

vulnerable groups, like pregnant women, elderly people, and people with weakened immune systems, are 

also more susceptible to health risks and, therefore, need special consideration in assessing health risks and 

planning for water management (Awasthi et al. 2021). Figure 5 illustrates the major routes by which 

groundwater contamination translates to human health effects. Considering the health hazards associated 

with groundwater contamination, the need for remediation and treatment of the groundwater arises. The 

next section highlights the different technologies that can be used in mitigating groundwater contamination 

in India. For assessing the health risks associated with groundwater contamination, the hazard quotient 

(HQ) and hazard index (HI) are often employed as measures of noncarcinogenic risk, while the cancer risk 

(CR) is applied to those substances that are known to induce carcinogenicity. Comparative evaluation of 

reviewed studies indicates that fluoride and arsenic contamination generally contribute the highest non-

carcinogenic and carcinogenic health risks in Indian groundwater systems. Fluoride-related hazard index 

(HI) values greater than 1 have frequently been reported in semi-arid and hard rock regions of Rajasthan, 

Telangana, Karnataka, and Tamil Nadu, particularly among children due to lower body weight and higher 

water intake rates. Similarly, arsenic-contaminated groundwater in eastern India, especially West Bengal 

and Bihar, consistently shows elevated carcinogenic risk values exceeding the acceptable USEPA risk 

threshold of 10⁻⁴. In contrast, nitrate-associated health risks are comparatively more localized and strongly 

linked with agriculturally intensive regions such as Punjab, Haryana, and Gujarat. The reviewed literature 

therefore suggests that health risks from groundwater contamination in India are highly region-specific and 

controlled by both hydrogeological conditions and anthropogenic activities. 

 



6. Water Quality Standards and Indices 

Groundwater quality assessment entails its comparison with drinking water standards to ascertain its 

suitability for domestic consumption and other uses. These standards are guidelines for establishing 

benchmark values for water quality, which are used for the evaluation, regulation, and management of water 

quality. Besides individual parameter analysis, water quality indices are also employed to integrate two or 

more parameters into a single value, which is a measure of water quality in general. 

Regulatory Standards 

Groundwater quality standards are determined by different national and international organizations, with 

the aim of protecting public health and providing safe drinking water. In India, the Bureau of Indian 

Standards (BIS) specifies the limits of safe and permissible concentrations of drinking water quality, and 

the World Health Organization (WHO) specifies the global reference values for the same. The United States 

Environmental Protection Agency (USEPA) specifies the guideline values, which are often used as a 

reference by researchers in their studies. These guidelines specify the threshold concentrations of major 

ions, nutrients, heavy metals, etc., present in the groundwater. These limits are critical in order to avoid 

health risks associated with the long-term use of groundwater (Krishnappa et al. 2024). Table 4 summarizes 

the permissible limits recommended by BIS, WHO, and USEPA for key groundwater quality parameters. 

Table 4: Permissible Limits for Groundwater Quality Parameters (Krishnappa et al., 2024) 

 

Table No 4 Adapted from Bureau of Indian Standards (IS 10500:2012), World Health Organization 

(2017), and USEPA (2018) 

Parameter Unit BIS (IS10500:2012) WHO 

(2017) 

USEPA 

(2018) 

Health Significance 

pH - 6.5-8.5 6.5-8.5 6.5-8.5 Corrosion, taste 

TDS mg/L 500 (2000) * 1000 500 Taste, scaling 

Total 

Hardness 

mg/L 200 (600) * 500 - Scaling, cardiovascular 

Fluoride mg/L 1.0 (1.5) * 1.5 4.0 Fluorosis 

Nitrate mg/L 45 50 45 Methemoglobinemia 

Arsenic µg/L 10 10 10 Cancer, Arsenicosis 

Lead µg/L 10 10 15 Neurological damage 

Cadmium µg/L 3 3 5 Kidney damage 

Chromium µg/L 50 50 100 Cancer 

Iron mg/L 0.3 - 0.3 Aesthetic, taste 



*Values in parentheses indicate maximum permissible limits in absence of alternate sources 

Water Quality Index (WQI) 

The Water Quality Index (WQI) is a method to represent the overall water quality of groundwater with a 

single number, obtained by calculating several physicochemical parameters (Hanse et al.2019). By 

integrating multiple water quality factors, the Water Quality Index simplifies complex information for 

decision-makers and water resource managers. Among the various methods available, the weighted 

arithmetic index method is the most popular method used in Indian groundwater research due to its ease 

and efficiency However, significant methodological variability exists among WQI studies conducted across 

India. Different researchers have used different combinations of physicochemical parameters, weighting 

schemes, normalization approaches, and classification criteria depending on regional hydrogeological 

conditions and study objectives. While some studies considered only major physicochemical parameters 

such as pH, TDS, hardness, fluoride, and nitrate, others additionally incorporated heavy metals, 

microbiological indicators, or irrigation-related parameters. Similarly, the relative weights assigned to 

parameters vary considerably among studies, which directly influences the final WQI values and 

classification categories. Therefore, direct comparison of WQI values across different regions should be 

interpreted cautiously, as methodological differences may contribute to variations in reported groundwater 

quality classifications. (Mukherjee & Singh. 2022). The construction of WQI entails four major stages, 

which include the selection of appropriate water parameters, assigning weights to each parameter depending 

on their relative importance in ensuring safe water for human consumption, determining individual water 

quality ratings, and finally, integrating all ratings to form a single index value (Sahoo et al.2024). The 

parameters with higher health effects, e.g., nitrates, fluoride, and TDS, have higher weights in the equation. 

After determining the WQI, groundwater is normally grouped into five classes of water quality, namely, 

excellent (<50), good (50-100), poor (100-200), very poor (200-300), and not suitable for consumption 

(>300) (Ravindra & Mor. 2019). Several reviewed studies have reported that a considerable proportion of 

groundwater samples fall within the “good” water quality category; however, the reported percentages vary 

depending on the adopted WQI methodology, parameter selection, weighting scheme, and classification 

criteria used in different studies. While 15-30% lie in the poor to very poor range. Higher values of WQI 

are recorded in industrial and arid zones, while better water quality is recorded in zones with higher rates 

of recharge (Adimalla et al.2018). The areas where the water quality index (WQI) is higher are the areas 

where industries are located, farming is done, and where the climate is arid to semi-arid (Ahada & 

Suthar.2019). It is worth noting that the differences in the percentages and concentration range reported by 

different studies can be attributed to differences in spatial coverage, sampling frequency, and methods of 

analysis. Thus, the data presented in this review is best interpreted as trends rather than exact national data. 

Further studies need to be undertaken on standardized data collection methods and statistical aggregation. 



Most of the studies have used normalized groundwater quality parameters against standard guideline values 

like BIS (IS 10500) and WHO limits. In the present review, the results have been interpreted in relation to 

standard values instead of comparing the actual values from different studies, which makes it easy for 

evaluation (Krishnappa et al.2024). The WQI trends summarized in this review are therefore intended to 

provide indicative comparative assessment of groundwater quality conditions across regions rather than 

standardized national-scale WQI rankings. 

Table 5: Major Groundwater Contaminants and Associated Health Effects 

Contaminant Sources 
Affected 

Regions 

Concentration 

Range 
Health Effects 

Indicative 

Population 

Exposure 

Authors 

Fluoride 

Geogenic 

(granite, 

gneiss 

weathering) 

Rajasthan, 

Tamil Nadu 

Andhra 

Pradesh, 

Karnataka, 

Madhya 

Pradesh 

1.5-12 mg/L 

Dental fluorosis, 

skeletal fluorosis, 

neurological 

effects 

66 million 

Das et 

al.2009, 

Ghosh et 

al.2024, 

Gupta et al. 

2019 

Arsenic 

Geogenic 

(Fe-

oxyhydroxid

e reduction) 

West Bengal, 

Bihar, Uttar 

Pradesh, 

Assam, 

Chhattisgarh 

10-3200 µg/L 

Arsenicosis, skin 

lesions, cancer 

(skin, lung, 

bladder) 

Estimated 

from 

regional 

studies and 

published 

assessment

s 

Gupta et 

al.2015 

, 

Cherukumi

lli et 

al.2018, 

 Inaniyan 

& 

Raychoudh

ury. 2019 

 

Nitrate 

Agricultural 

fertilizers, 

sewage, 

animal waste 

Punjab, 

Haryana, 

Gujarat, Tamil 

Nadu, Delhi 

NCR 

45-300 mg/L 

Methemoglobine

mia (infants), 

gastric cancer, 

thyroid disorders 

Estimated 

from 

regional 

agricultural 

groundwate

r studies 

Marghade 

et al.2023, 

Kumar et 

al. 2017, 

 Mandal & 

Sanyal, 



2019 

 

Heavy Metals 

(Pb, Cd, Cr, 

Cu, Zn) 

Industrial 

effluents, 

mining, 

E-waste 

Gujarat, 

Maharashtra, 

West Bengal, 

Jharkhand, 

Tamil Nadu 

Variable 

(exceeding 

limits) 

Neurological 

damage, kidney 

dysfunction, 

cancer, 

developmental 

disorders 

Localized 

population 

exposure 

reported 

 

Singh et 

al.2024, 

Awasthi 

et 

al.2021, 

Khandak

er & 

Rahman, 

2022 
 

Salinity 

(High TDS, 

Cl⁻) 

Seawater 

intrusion, 

evaporation, 

mineral 

dissolution 

Coastal 

regions 

(Gujarat, 

Tamil Nadu, 

Kerala, Goa), 

arid zones 

TDS: 1500-

5000 mg/L 

Kidney stones, 

cardiovascular 

issues, 

gastrointestinal 

disorders 

35-45 

million 

Ahada & 

Suthar, 

2019, 

Hussain et 

al. 2012 

 

 

Table No 5 Population Estimates are indicative and derived from multiple regional studies. Actual 

values may vary depending on spatial and temporal factors. Population estimates presented in Table 

5 are indicative values compiled from multiple regional investigations and published assessments 

rather than standardized national-scale datasets. 

 

 

 

 

 

 



Table 6: Water Quality Index (WQI) Classification and Interpretation 

WQI 

Range 

Water 

Quality 

Category 

Suitability 

for 

Drinking 

Treatment Required Typical 

Characteristics 

% of Indian 

Samples 

Authors 

<50 Excellent Suitable 

without 

treatment 

None All parameters 

well within 

limits 

15-25% Hanse et al. 

2019, 

 Mukherjee 

& Singh, 

2022, 

Sahoo et al. 

2024 

 

50-100 Good Suitable 

with 

minimal 

treatment 

Simple disinfection Most parameters 

within limits 

40-64% Hanse et al. 

2019, 

 Mukherjee 

& Singh. 

2022 

Sahoo et al. 

2024 

 

100-200 Poor Requires 

treatment 

Conventional 

treatment 

Some 

parameters 

exceed limits 

8-35% 
Ravindra & 

Mor.2019, 

Adimalla et 

al.2018 
 
 

200-300 Very Poor Requires 

advanced 

treatment 

Advanced treatment 

needed 

Multiple 

parameters 

exceed limits 

2-15% Ravindra & 

Mor, 2019, 

Adimalla et 

al. 2018 

Ahada & 

Suthar.2019) 



>300 Unsuitable Not 

suitable for 

drinking 

Extensive 

treatment/alternate 

source 

Severe 

contamination 

3-11% 
Ravindra & 

Mor. 2019, 

Adimalla et 

al.2018 

 Ahada & 

Suthar.2019 
 

 Table No 6 Percentage ranges represent compiled estimates from multiple regional studies and may 

vary depending on hydrogeological conditions, sampling methods, and spatial coverage. These values 

represent compiled trends from reviewed regional studies and not national-scale statistical estimates 

           Table 7 Comparative Health Risk Trends Reported in Indian Groundwater Studies 

Contaminant Dominant Risk 

Type 

Most 

Vulnerable 

Regions 

Commonly 

Affected 

Population 

Reported Risk 

Trend 

References 

Fluoride Non-

carcinogenic 

(HI > 1) 

Rajasthan, 

Telangana, 

Karnataka, 

Tamil Nadu 

Children Very High Das et al. 

2009, Ghosh et 

al. 2024, 

Gupta et al. 

2019, Ahada & 

Suthar.2019 

Arsenic Carcinogenic 

(CR > 10⁻⁴) 

West Bengal, 

Bihar, Assam 

General 

population 

Very High Gupta et al. 

2015, 

Cherukumilli 

et al. 2018, 

Inaniyan & 

Raychoudhury. 

2019 

Nitrate Non-

carcinogenic 

Punjab, 

Haryana, 

Gujarat 

Infants Moderate–

High 

Kumar et al. 

2017, Mandal 

& Sanyal. 

2019, 



Marghade et 

al. 2023 

Heavy Metals Carcinogenic 

and non-

carcinogenic 

Industrial and 

mining regions 

Adults and 

children 

Moderate Singh et al. 

2024, Awasthi 

et al. 2021, 

Khandaker & 

Rahman. 2022 

Salinity/TDS Chronic 

exposure-

related risk 

Coastal and 

arid regions 

General 

population 

Moderate Ahada & 

Suthar. 2019, 

Hussain et al. 

2012 

Table 7. Comparative health-risk trends synthesized from published regional groundwater 

assessment studies conducted across different hydrogeological settings in India.  

7 Integrated Assessment Framework for Groundwater Quality in India 

Based on the synthesis of the literature, an integrated framework has been proposed for connecting 

groundwater contamination sources, hydrogeochemical processes, health risks, and remediation strategies 

in the Indian context (Mukherjee & Singh.2022, Malik et al.2023). Both anthropogenic and geogenic 

sources of groundwater contamination have been identified, and the hydrogeochemical processes 

influencing groundwater quality have also been analysed (Singh et al.2022, Yadav et al.2018). Human 

health risks from groundwater contamination have also been discussed in the framework. Remediation 

strategies have also been included in the framework for addressing groundwater contamination in the Indian 

scenario. This framework will help in understanding groundwater contamination in a better way for 

sustainable groundwater management in the country. This integrated framework represents a novel 

contribution of this review by linking contamination sources, hydrogeochemical processes, health risks, 

and remediation strategies in a unified manner. 

8 Remediation Strategies 

The diagram presents the Integrated Remediation Technology Framework for Indian Groundwater. It is a 

decision guide to select appropriate cleanup technologies based on the nature of the contaminant, 

concentration of the contaminant, scale of the problem, and social and economic factors. The framework 

includes source control technologies, in-situ technologies like PRBs and phytoremediation, ex-situ 

technologies like RO, adsorption, and electrocoagulation, and monitoring technologies to address the issue 



of groundwater in a holistic manner. Figure 6 demonstrates that selection of groundwater remediation 

technologies depends on contaminant type, contaminant concentration, treatment scale, economic 

feasibility, and operational complexity. The framework indicates that advanced membrane technologies are 

highly effective for multi-contaminant removal but are associated with high operational cost and energy 

demand. In contrast, adsorption-based and nature-based technologies are more suitable for decentralized 

rural applications because of lower operational requirements and improved sustainability. 

 

 

 

 

Figure 6. Framework for selection of groundwater remediation technologies based on contaminant 

type and site conditions. 
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9. Conventional Treatment Technologies 

Reverse Osmosis (RO) 

Reverse osmosis has emerged as a preferred treatment technology for groundwater in India, thanks to its 

high removal capabilities for a wide array of impurities. In this method, water is pressurized to pass through 

a semi-permeable membrane, resulting in a reduction of fluoride levels by 85-95%, arsenic by 90-98%, 

nitrate by 85-92%, heavy metals by 90-99%, and total dissolved solids by 95-98%. RO systems have been 

found to be highly effective and are used across residential, institutional, and community water treatment 

systems. However, there are some negative aspects to this technology, such as high energy requirements, 

membrane fouling, and maintenance, and the difficulty of handling the reject brine water. The cost of the 

equipment varies widely, from ₹5,000 to ₹25,000 for household systems to ₹5 to ₹50 lakhs for community 

systems (Muthusamy et al. 2023). 

Nanofiltration (NF) 

Nanofiltration operates at lower pressures compared to reverse osmosis treatment. The process has a strong 

ability to remove divalent ions, organic matter, and a certain amount of dissolved solids. The process has a 

removal efficiency of 70-85% (Nagaraj & Masilamani,.2023). The process is effective in reducing hardness, 

sulphates, and some fluoride in groundwater supplies. Due to the low energy consumption and less brine 

disposal compared to reverse osmosis, the process is regarded as a cost-effective solution for brackish water 

treatment (Bhuiyan & Ray.2017). 

Activated Alumina Adsorption 

Activated alumina is frequently utilized for the adsorption-based removal of fluoride and arsenic from 

water. It has been seen to remove fluoride to the extent of 80 to 90%, and arsenic to the extent of 75 to 

85%. However, this depends on the water being treated (Yasaswini et al. 2024). The method is preferred 

for its simple design, easy operation, and low cost, estimated to be between ₹2,000 and ₹10,000. 

domestic-scale treatment. However, its effectiveness is pH-dependent, and regeneration or replacement is 

required periodically (Mukherjee et al. 2021). 

Ion Exchange 

Ion exchange resins selectively extract impurities, like fluoride, nitrates, and heavy metals, from 

groundwater. The method usually eliminates 85-95% of impurities, depending upon the type of resin and 

water quality (Thalod & Sharma.2024). However, ion exchange resins also have a drawback, as their 

periodic regeneration is necessary using chemical solutions, leading to a disposal problem. The 

effectiveness of ion exchange resins is also restricted by the lack of proper disposal facilities for solid wastes 

(Mandal & Sanyal.2019). 

 

 



10 Advanced and Emerging Treatment Technologies 

Electrocoagulation 

Electrocoagulation has been proven as a viable electrochemical technique in the treatment of groundwater 

contaminated by fluoride, arsenic, heavy metals, and suspended solids. In this technique, coagulating 

species are in situ produced through the sacrifice of dissolving electrodes, which operates in the range of 

75–90% for fluoride, 80–95% for arsenic, and 85–98% for heavy metals. The primary advantages of this 

technique include the elimination of the need for chemical dosing, a compact design, and low levels of 

sludge formation. However, the technique has some limitations in real-world application, which include 

energy consumption (0.5–3 kWh/m³), electrode passivation, and the need for electrode replacement 

(Kalaiselvi & Pillai.2019, Vijaylaxmi & Khan. 2021). 

Adsorption – Based Technologies 

Recently, breakthroughs in adsorption technology have led to the development of a new list of high-

performing adsorbents for groundwater treatment. Biochar, clay, metal oxide, and complex nanostructured 

adsorbents have shown promising adsorption capacities for the removal of fluoride, arsenic, and various 

heavy metals, ranging from 80 to 99% effective (Saha et al.2014). Of specific interest are adsorbents made 

from agricultural waste materials, which are rice husk, coconut shells, and neem leaves, and are gaining 

popularity as a cost-effective, green technology solution for groundwater treatment in rural communities 

(Karunanidhi et al.2024). However, there are still challenges in the adsorption process, which include the 

regeneration of the adsorbents, the adsorbent’s lifespan, and the disposal of the exhausted adsorbents, which 

need further optimization (Kumar et al.2017). 

Phytoremediation 

Phytoremediation utilizes the natural uptake of pollutants by plants, thereby purifying water and soil. Water-

loving plants, like the water hyacinth, duckweed, and vetiver, and those on land, like the sunflower, mustard, 

and ferns, have been observed to uptake heavy metals, nutrients, and organic chemicals (Muthusamy et al. 

2023). It offers an eco-friendly and cost-effective approach for the remediation of shallow aquifers, 

groundwater with links to surface water, and constructed wetlands (Nagaraj & Masilamani.2023). However, 

its application is restricted by the low rate of cleanup, seasonal fluctuations, and the management and 

disposal of the polluted vegetation (Bhuiyan & Ray.2017). 

 Membrane Bioreactors (MBRs) 

Membrane bioreactors utilize the combination of a biological process and membrane filtration for the 

effective removal of organic matter, nutrients, and pathogens (Yasaswini et al.2024). The process has been 

found to be effective in the treatment of polluted groundwater and wastewater intended for aquifer recharge 

and reuse. The process has the advantage of high treatment efficiency in a space-saving design; however, 



the problem of membrane fouling and the operating costs need to be taken into consideration (Mukherjee 

et al.2021). 

Permeable Reactive Barriers 

The permeable reactive barrier (PRB) technology is an innovative groundwater remediation technology. In 

the PRB technology, the contaminated groundwater is treated with the help of a reactive medium such as 

zero-valent iron, activated carbon, or limestone (Thalod & Sharma.2024). The groundwater flows through 

the medium and is treated. The technology has been found to treat heavy metals, chlorinated organic 

compounds, and nutrient compounds (Cherukumilli et al.2017). 

Technology Selection and Implementation 

The choice of technology is based on the type of contaminant present and the amounts present, the quality 

characteristics of the water to be treated, the scale of the treatment (residential, community, or regional), 

cost viability, the complexity of the technology, and the capacity that is observed locally (Kalaiselvi & 

Pillai.2019). Table 8 shows the various remediation technologies lined up. In most cases, the best results 

are achieved by combining different technologies into a hybrid technology. For the technologies to bear 

fruit, the community needs to be engaged with capacity building and sustainable funding models. In rural 

and disadvantaged areas, policy support, subsidies, and awareness are key to the use of the technologies. 

Comparative evaluation of groundwater remediation technologies indicates that no single treatment method 

is universally suitable for all groundwater contamination conditions in India. Reverse osmosis demonstrates 

the highest overall removal efficiency for fluoride, arsenic, nitrate, salinity, and heavy metals; however, its 

large energy requirement, membrane fouling, and reject brine disposal significantly limit its applicability 

in economically weaker rural regions. Nanofiltration provides comparatively lower operational pressure 

and energy consumption but is less effective for complete dissolved contaminant removal. Adsorption-

based technologies using activated alumina, biochar, and modified low-cost materials are considered more 

suitable for rural and decentralized applications because of their lower cost, operational simplicity, and 

minimal energy requirements, although periodic adsorbent regeneration and disposal remain important 

operational concerns. Electrocoagulation has shown promising removal efficiency for fluoride, arsenic, and 

heavy metals, but field-scale implementation is constrained by electrode passivation, electricity demand, 

and sludge management requirements. Similarly, ion exchange systems provide effective selective 

contaminant removal but generate secondary brine waste requiring appropriate disposal. Therefore, 

technology selection in the Indian context should consider contaminant type, hydrogeochemical conditions, 

treatment scale, operational complexity, waste disposal requirements, energy availability, and socio-

economic feasibility, particularly in rural and resource-limited regions. 

 

 



 

 

Table 8: Comparison of Groundwater Remediation Technologies 

 

Technolo

gy 

Target 

Contamina

nts 

Removal 

Efficiency 

Capital 

Cost 

Operatin

g Cost 

Advantages Limitatio

ns 

Rural 

Applicabili

ty 

Authors 

Reverse 

Osmosis 

Fluoride, 

arsenic, 

nitrate, 

heavy 

metals, 

TDS 

85-98% High 

(₹5,00

0-50L) 

High 

 

High 

efficiency, 

multiple 

contaminant

s 

Energy 

intensive, 

brine 

disposal 

Moderate Muthusam

y et al., 

2023, 

Nagaraj & 

Masilaman

i, 2023, 

Bhuiyan & 

Ray.2017 

 

Activated 

Alumina 

Fluoride, 

arsenic 

75-90% Low 

(₹2,00

0-

10,000

) 

Low  Simple, low 

cost 

pH 

dependent

, 

regenerati

on 

High Yasaswini 

et al.2024, 

Mukherjee 

et al.2021 

Electroco

agulation 

Fluoride, 

arsenic, 

heavy 

metals 

75-98% Moder

ate 

(₹10,0

00-5L) 

Moderat

e  

No 

chemicals, 

compact 

Electrode 

replaceme

nt, energy 

Moderate Kalaiselvi 

& Pillai, 

2019, 

 Vijaylaxmi 

& Khan. 

2021 

Adsorptio

n 

(Biochar, 

modified 

materials) 

Fluoride, 

arsenic, 

heavy 

metals 

80-99% Low 

(₹1,00

0-

8,000) 

Very 

low 

Low cost, 

sustainable 

Regenerat

ion, 

disposal 

Very High Saha et 

al.2014, 

Karunanid

hi et al. 

2024, 

Kumar et 



al. 2017 

 

Phytorem

ediation 

Heavy 

metals, 

nutrients, 

organics 

60-85% Very 

low 

(₹500-

5,000) 

Very 

low 

Eco-friendly, 

sustainable 

Slow, 

seasonal, 

biomass 

disposal 

High Muthusam

y et al. 

2023, 

Nagaraj & 

Masilaman

i, 2023, 

Bhuiyan & 

Ray, 2017 

 

Ion 

Exchange 

Fluoride, 

nitrate, 

heavy 

metals 

85-95% Moder

ate 

(₹5,00

0-

20,000

) 

Moderat

e  

Selective 

removal 

Brine 

disposal, 

regenerati

on 

Moderate Mandal & 

Sanyal, 

2019, 

Thalod & 

Sharma.20

24 

 

Nanofiltr

ation 

Hardness, 

sulphate, 

moderate 

TDS 

70-85% Moder

ate-

High 

(₹8,00

0-30L) 

Moderat

e  

Lower 

pressure than 

RO 

Partial 

removal 

Low–

Moderate 

Nagaraj & 

Masilaman

i.2023, 

Bhuiyan & 

Ray. 2017 

 

 

Table 8. Synthesized from groundwater treatment and remediation studies. Cost ranges are indicative 

and may vary depending on system capacity, location, and operational conditions. Rural applicability 

assessment presented in Table 8 is based on operational simplicity, energy requirements, maintenance 

demand, waste disposal complexity, and economic feasibility reported in reviewed studies. 

 



11 Future Perspectives and Research Directions 

Emerging Research Priorities 

Future areas of research should address the following gaps in the knowledge of the quality of groundwater 

in India. Some of the areas that need priority in the future are the following: the emerging contaminants in 

the groundwater, which include pharmaceuticals, pesticides, microplastics, and PFAS (Pal et al.2009, Sultan 

et al.2024). There is a pressing need for treatment technologies that are cost-effective, energy-efficient, and 

adaptable to local conditions, especially in rural areas (Karunanidhi et al. 2024). Advances in monitoring 

and forecasting can be achieved through integrating technologies of remote sensing, GIS, and machine 

learning, which will facilitate real-time continuous evaluation of groundwater quality (Thalod & 

Sharma.2024). Moreover, the impacts of climate change on groundwater recharge, the mobilization of 

contaminants, and the long-term trends in water quality require special research attention (Kaur et al., 2019). 

The research focus of the health sector needs to move beyond the examination of individual factors to the 

evaluation of the collective impacts of the risks that arise from the joint action of various contaminants 

(Khandaker & Rahman. 2022). Moreover, the role of managed aquifer recharge (MAR) as a two-fold 

approach to enhancing groundwater quality and increasing its storability needs to attract more research 

attention on a regional scale (Dhakshinamoorthy & Selvarajan.2025). Based on the trends in groundwater 

quality being reported from different regions of India, it has been assessed that regions with high intensity 

in agricultural practices and groundwater depletion will have high nitrate and salinity problems in the near 

future (Kaur et al.2019, Kumar et al.2017). Similarly, changes in recharge patterns due to climate variability 

will enhance the mobilization of geogenic contaminants like fluoride and arsenic in groundwater 

(Dhakshinamoorthy & Selvarajan.2025). 

 

12 Policy and Management Recommendations 

For effective groundwater quality management in India, it is significant to adopt a multi-tier strategy. 

Strengthening the regulatory system and enforcement of regulations are significant steps towards curbing 

pollution caused by agricultural, industrial, and urban activities (Shukla & Saxena.2021). Preventive 

measures should focus on source control, including the adoption of sustainable agriculture, better 

management of industrial effluent disposal, and scientifically disposing of solid and liquid waste (Kumar 

et al.2017). A robust, all-inclusive groundwater quality monitoring system is vital, which is supported by 

real-time data collection and information sharing among various regulatory agencies, scientists, and local 

governments (Gupta et al.2022). Community engagement must be encouraged through decentralized water 

quality management, monitoring, and capacity-building programs to empower people to protect and 

manage groundwater resources (Hossain et al. 2021). Financial incentives, subsidies, and technical support 

are also necessary to promote the use of water treatment systems at the individual and community levels, 



especially in rural and disadvantaged areas (Karunanidhi et al.2024). Another significant factor is to 

enhance public awareness of groundwater contamination issues and the associated health risks with the help 

of effective educational campaigns (Das et al. 2009) Ultimately, the key to sustainability is to enhance inter-

disciplinary research and cooperation between policymakers, scientists, and stakeholders to develop 

effective groundwater management strategies that are tailored to specific contexts (Kaliyan et al.2022). 

Technological Innovations 

Recent advances in groundwater management reveal some promising tech avenues. Nanotechnology 

adsorbents and membrane filtration have demonstrated better efficacy in removing a range of impurities, 

from fluoride and arsenic to heavy metals (Saha et al. 2014). In energy-scarce environments, solar-powered 

water treatment could be a viable solution for reliable operation in a rural setting (Muthusamy et al. 2023). 

Real-time groundwater quality monitoring is being strengthened with the help of smart sensor technologies. 

IoT technology, for instance, helps in the rapid detection of changes in the quality of water with the help of 

IoT-powered water quality monitoring systems. Simultaneously, AI and machine learning techniques are 

being used for the prediction and assessment of groundwater quality (Thalod & Sharma.2024). Nature-

based and hybrid technologies, like constructed wetlands and bioremediation, are gaining prominence as 

they operate with low operating costs and in a highly environmental-friendly manner (Nagaraj & 

Masilamani.2023). Decentralized treatment technologies, which are designed for households and 

communities, also hold promise as a solution for groundwater pollution, especially in rural areas 

(Karunanidhi et al.2024). 

 Sustainable Water Resource Management 

Ensuring the sustainability of groundwater resources for the long run requires a linked water resources 

approach that connects demands, supplies, and ecosystems. In terms of cutting back on water use, the focus 

should be on saving water, improving irrigation efficiency, and enhancing the efficiency of water use 

(Prasad & Rao.2018). In terms of supplying more water, the focus should be on harvesting rainwater, 

recharging groundwater, and safely reusing treated water to enhance groundwater supplies while lessening 

the pressure on natural groundwater supplies (Dhakshinamoorthy & Selvarajan.2025). The key to the 

prevention of further deterioration in the quality of groundwater lies in the effective control of pollution, 

which includes the reduction of pollution, the application of best management practices, and the 

enforcement of environmental laws (Kumar et al.2017). Another important factor is the protection and 

maintenance of ecosystems that rely on groundwater, which is necessary to maintain the quality of the water 

itself (Nagaraj & Masilamani.2023). Sustainable water management should be equitable, ensuring everyone 

has access to water that is safe and reliable, particularly for vulnerable and marginalized groups (Rajendran 

et al.2024). As the climate changes, with shifts in rainfall, droughts, and increasingly extreme events, water 

management strategies should be responsive to these changes to create long-term sustainability (Kaur et 



al.2019). Reaching the Sustainable Development Goal for water and sanitation, SDG 6, requires 

collaboration and coordination among government agencies, scientists, businesses, and social organizations 

(Shukla & Saxena.2021). 

13. Limitations of Existing Studies 

Although extensive research has been done regarding the quality of groundwater resources in India, certain 

limitations have been identified with the existing research. One major limitation is that the research is 

localized and based on limited sample size This limits the research to be representative (Hanse et al.2019), 

(Mukherjee & Singh.2022). Another limitation is that long-term monitoring data are not available This 

limits the understanding of the trends over time (Mawari et al.2022). Another limitation is that the sampling 

and analysis techniques have been inconsistent (Ahada & Suthar. 2018). These limitations show that current 

groundwater research in India is not well organised and is not standardised, which makes it hard to come 

up with integrated and policy-relevant strategies for managing groundwater. So, we need big, standardised 

monitoring programs, consistent ways to analyse data, and long-term datasets so that we can reliably 

compare and predict groundwater quality. 

Data Variability and Comparability Considerations 

Integrating the groundwater quality data from various studies may pose difficulties due to the 

inconsistencies in spatial distribution, time scales, and methodologies. The hydrogeological conditions, 

such as the presence of alluvial or hard rock formations, affect the movement of water and the presence of 

impurities. Although the review has provided an integrated overview of the groundwater quality trends in 

India, the results must be considered indicative rather than exact quantitative data (Mawari et al.2022, 

Ahada & Suthar.2018). Population exposure estimates and contamination percentages reported in the 

reviewed literature are derived from regional investigations conducted under different hydrogeological and 

methodological conditions and should therefore be interpreted as indicative estimates rather than precise 

national-scale statistics. 

Integrated Perspective on Groundwater Contamination 

Groundwater contamination in India is a multifaceted phenomenon involving the interrelationship between 

sources of contamination, hydrogeochemical processes, and human health impacts (Mukherjee & Singh. 

2022, Malik et al.2023). Human activities like agriculture, industrial discharge, and urbanization are sources 

of groundwater contamination in India, while hydrogeochemical processes play an important role in 

groundwater chemistry, increasing the concentration of contaminants like fluoride, arsenic, nitrate, and 

heavy metals in groundwater. Human health impacts of groundwater contamination in India are significant, 

considering the high concentration of contaminants in groundwater. Therefore, groundwater management 

in India involves an interrelationship between sources of contamination, groundwater chemistry, human 

health impacts, and appropriate measures for groundwater remediation. 



14. CONCLUSIONS 

India’s groundwater is a complex patchwork, and its quality is determined by a combination of rock, 

climate, and human factors. When viewed region-wise, there are specific areas of contamination. Fluoride 

is observed in many states, arsenic is a major threat in eastern states, nitrates are present in areas of high 

agricultural activity, and heavy metals are found in areas of industrial activity. When viewed as a whole, a 

major share of the population is impacted by groundwater contamination, which is a threat to long-term 

health and sustainability. When physicochemical parameters are examined, a large number of groundwater 

samples indicate a level of contamination in terms of total dissolved solids, hardness, and nitrates, which 

indicates a combination of natural and anthropogenic factors. The level of contamination is a result of a 

combination of geogenic factors, which include rock-water interaction and redox reactions, as well as 

anthropogenic factors, which include excessive use of fertilizers, industrial effluents, poor sewage disposal, 

and mining activity. Health risk assessments indicate a high level of non-carcinogenic as well as 

carcinogenic risks in areas of contamination. Fluorosis, arsenic toxicity, methemoglobinemia, and heavy 

metal toxicity are major public health concerns, especially in children. The Water Quality Index results 

indicate that a part of the groundwater is potable, but a major share of it needs to be treated or an alternative 

source of water needs to be found. There are several options for remediation and treatment, including 

membrane systems, adsorption, electrochemical treatments, and nature-based solutions, among others, even 

though none of these options are universally applicable. It should be noted, however, that effective action 

will involve matching the contaminant profile, water chemistry, scale, cost, and local technical capacity. 

The present review demonstrates that groundwater contamination in India exhibits strong regional 

variability controlled by hydrogeological conditions, climatic factors, land-use practices, and anthropogenic 

pressures. Arsenic contamination remains the most critical concern in the eastern alluvial aquifer systems 

because of its severe carcinogenic risks and widespread population exposure. In contrast, fluoride 

contamination dominates the hard-rock terrains of western and southern India, where prolonged 

groundwater residence time and rock–water interaction enhance fluoride mobilization. Nitrate 

contamination is primarily associated with agriculturally intensive regions of northern and western India, 

indicating the growing influence of unsustainable fertilizer usage and poor sanitation practices. Heavy metal 

contamination is more localized and concentrated near industrial and mining regions, particularly in central 

and western India. These observations indicate that groundwater management strategies in India should be 

region-specific rather than adopting a single uniform national approach. From a management perspective, 

priority should be given to strengthening regional groundwater quality monitoring networks, promoting 

source-control strategies, improving rural drinking-water treatment infrastructure, and implementing 

sustainable agricultural and industrial practices. Cost-effective decentralized treatment systems and 

community-based groundwater management approaches are particularly important for rural and 



economically weaker regions. The review also identifies several important research gaps, including 

insufficient long-term monitoring datasets, limited studies on emerging contaminants, lack of standardized 

groundwater quality assessment methodologies, and inadequate integration of hydrogeochemical modeling 

with health-risk assessment frameworks. Future research should focus on multidisciplinary approaches 

integrating hydrogeochemistry, GIS, remote sensing, machine learning, and climate-change assessment to 

support sustainable groundwater management and policy development in India. In the future, it will be 

important to focus on the understanding of emerging contaminants, the development of cost-effective 

treatment options, the development of advanced monitoring and prediction tools, and the assessment of the 

impact of climate change on groundwater quality, among other things. It should be noted that the synthesis 

of the above will be important in the decision-making process of researchers, policymakers, water 

managers, and public health professionals, among other individuals. Tackling the issue of groundwater 

quality degradation in India is important in the future. 

Author Contributions 

Sanap Santosh Tukaram contributed to the conceptualization of the manuscript, Systematic literature collection, data 

compilation, analysis, and preparation of the original draft manuscript. 

Dr. Shrikant Bhausaheb Randhavane & Dr. Narayan Ratanlalji Chandak contributed to the study design, supervision, 

critical revision of the manuscript, and improvement of technical content, final editing and approval of the manuscript. 

Acknowledgement  

I would like to express my sincere appreciation to the SVKM NMIMS Global University Dhule. and individuals 

whose contributions and support have greatly enhanced the quality of this research.  

Conflict Of Interest  

The authors declare that there is no conflict of interest.  

Funding Sources  

The author(s) received no financial support for the research, authorship, and/or publication of this article. 

 

15 REFERENCES  

[1] Narasaiah, V., Rao, B.V. Groundwater quality of a hard rock aquifer in the Subledu Basin of Khammam district, 

India. Appl Water Sci 11, 89 (2021). https://doi.org/10.1007/s13201-021-01424-2 

[2] Rajendran R, Lakshmanan E, Muddu S, Rajmohan N, Senapathi V, Brindha K. Multi-indices approach for 

comprehensive appraisal of groundwater quality and the implication on human health in the Amaravathi basin, 

Southern India. Environ Monit Assess. 2025 Jan 9;197(2):153. https://doi.org/10.1007/s10661-024-13546-6 

[3] Kaur, G., Sharma, S., & Garg, U. K. (2019). Assessment of Ground Water Contamination by Inorganic Impurities 

in Ferozepur District of Punjab State, India. Asian Journal of Chemistry. https://doi.org/10.14233/ajchem.2019.21601 

https://doi.org/10.14233/ajchem.2019.21601


[4] J. A., G., Raj, V. T., K., S., K., M., & D., P. (2025). Comprehensive evaluation of groundwater quality and human 

health risk assessment in an ecologically sensitive mountainous catchment in Southern Western Ghats, Human and 

Ecological Risk Assessment: An International Journal, 31(7–8), 921–953. 

https://doi.org/10.1080/10807039.2025.2541757 

[5] Dhakshinamoorthy,. R & Selvarajan G. (2025). Comprehensive Evaluation of Groundwater Quality in 

Mayiladuthurai District, Tamilnadu: Physico-chemical and Heavy Metal Analysis. Ecology, Environment & 

Conservation, 31(2), 865-872.  https://doi.org/10.53550/eec.2025.v31i02.072 

[6] Pandey. S.Mohapatra G.  & Arora R. (2023). Groundwater quality, human health risks and major driving factors 

in arid and semi-arid regions of Rajasthan, India. Journal of Cleaner Production. 

https://doi.org/10.1016/j.jclepro.2023.139149. 

[7] Pattnaik P. & Bhowmick, P. K. (2020) Determination of Water Quality Index of Drinking Water Sources and 

Health Risk Assessment of Arsenic-Contaminated Rural Areas in Basirhat-1 Block of West Bengal. The International 

Journal of Innovative Technology and Exploring Engineering. https://doi.org/10.35940/ijitee.c8372.019320 

[8] Kadam, A., Wagh, V., Jacobs, J. A., Patil, S., Pawar, N. J., Umrikar, B., Sankhua, R. N., & Kumar, S. (2021). 

Integrated approach for the evaluation of groundwater quality through hydrogeochemistry and human health risk from 

Shivganga river basin, Pune, Maharashtra, India. Environmental Science and Pollution Research. 

https://doi.org/10.1007/S11356-021-15554-2 

[9] Yenugu, S. R., Vangala, S., & Badri, S. (2020). Monitoring of groundwater quality for drinking purposes using 

the WQI method and its health implications around inactive mines in Vemula-Vempalli region, Kadapa District, South 

India. Applied Water Science. https://doi.org/10.1007/S13201-020-01284-2 

[10] Sharma, T., Litoria, P. K., Bajwa, B. S., & Kaur, I. (2021). Appraisal of groundwater quality and associated risks 

in Mansa district (Punjab, India). Environmental Monitoring and Assessment. https://doi.org/10.1007/S10661-021-

08892-8 

[11] Kaliyan, K., Karuppaiah, S., & Duraisamy, S. (2022). Assessment of groundwater quality and human health risk 

impact on fluoride concentration: A case study of Namakkal district, South India. https://doi.org/10.21203/rs.3.rs-

1512920/v1 

[12] Shukla, S., & Saxena, A. (2021). Appraisal of Groundwater Quality with Human Health Risk Assessment in Parts 

of Indo-Gangetic Alluvial Plain, North India. Archives of Environmental Contamination and Toxicology. 

https://doi.org/10.1007/S00244-020-00771-6 

[13] Gupta, D. P., Chaudhary, S., Singh, A., Shukla, R., & Mishra, V. K. (2022). Hydrochemical assessment of 

groundwater quality in Narmada River basin (Central India). Water Science & Technology: Water Supply. 

https://doi.org/10.2166/ws.2022.409 



[14] Hossain, M., Patra, P. K., Ghosh, B., Khatun, A., & Nayek, S. (2021). Sensitive assessment of groundwater-

associated, multi-exposure health hazards in a fluoride-enriched region of West Bengal, India. Environmental 

Geochemistry and Health. https://doi.org/10.1007/S10653-021-00942-X 

[15] Saha, A., & Pal, S. C. (2025). Assessment and Characterization of Groundwater Quality and Related Human 

Health Risk in a Fluoride-Enriched Semi-Arid Region of Eastern India.  https://doi.org/10.1007/s11270-025-08347-7 

[16] Raja, V., & Neelakantan, M. (2021). Evaluation of groundwater quality with health risk assessment of fluoride 

and nitrate in Virudhunagar district, Tamil Nadu, India. Arabian Journal of Geosciences. 

https://doi.org/10.1007/S12517-020-06385-5 

[17] Marghade, D., Malpe, D. B., Duraisamy, K., Patil, P. D., & Li, P. (2021). Hydrogeochemical evaluation, 

suitability, and health risk assessment of groundwater in the watershed of Godavari basin, Maharashtra, Central India. 

Environmental Science and Pollution Research. https://doi.org/10.1007/S11356-020-10032-7 

[18] Tanwer, N., Deswal, M., Khyalia, P., Laura, J. S., & Khosla, B. (2023). Fluoride and nitrate in groundwater: a 

comprehensive analysis of health risk and potability of groundwater of Jhunjhunu district of Rajasthan, India. 

Environmental Monitoring and Assessment. https://doi.org/10.1007/s10661-022-10886-z 

[19] Kaur, L., & Godara, P. (2025). An investigation of water quality index and health risks of fluoride and nitrate in 

the arid groundwater (India). Macedonian Journal of Ecology and Environment, 27(2), 99-113. 

https://doi.org/10.59194/MJEE2527299k 

[20] Maurya, S., More, A. B., Gupta, G., & Saxena, A. (2025). Hydrochemical Evaluation of Groundwater Quality 

and Human Health Risk Assessment of Fluoride and Nitrate: A Case Study of Pratapgarh District UP, India. 

https://doi.org/10.1007/s11270-025-07806-5 

[21] Ratnakar Dhakate, Shekhar More, Laxman Kumar Duvva et al. Groundwater chemistry and health hazard risk 

valuation of fluoride and nitrate enhanced groundwater from a semi-urban region of South India, 21 September 2022, 

https://doi.org/10.21203/rs.3.rs-1997150/v1. 

[22] Maurya, J. K., Pradhan, S. N., Seema, & Ghosh, A. K. (2021). Evaluation of ground water quality and health risk 

assessment due to nitrate and fluoride in the Middle Indo-Gangetic plains of India. Human and Ecological Risk 

Assessment.  https://doi.org/10.1080/10807039.2020.1844559 

[23] Singh, P., Rishi, M. S., & Kaur, L. (2024). Multi-parametric analysis of groundwater quality to assess human 

health risk and hydrogeochemical processes in an agriculturally intensive alluvial aquifer of Northwest India. 

International Journal of Environmental Analytical Chemistry, 104(11), 2552-2570. 

https://doi.org/10.1080/03067319.2022.2064750 



[24] Adimalla N. Controlling factors and mechanism of groundwater quality variation in semiarid region of South 

India: an approach of water quality index (WQI) and health risk assessment (HRA). Environ Geochem Health. 2020 

Jun;42(6):1725-1752. https://doi.org/10.1007/s10653-019-00374-8 Epub 2019 Jul 17. 

[25] Karunanidhi, D., Aravinthasamy, P., Subramani, T., & Muthusankar, G. (2021). Revealing drinking water quality 

issues and possible health risks based on water quality index (WQI) method in the Shanmuganadhi River basin of 

South India. Environmental Geochemistry and Health. https://doi.org/10.1007/S10653-020-00613-3 

[26] Chakraborty, B., Roy, S., Bera, A., Adhikary, P. P., Bera, B., Sengupta, D., Bhunia, G. S., & Shit, P. K. (2021). 

Geospatial Assessment of Groundwater Quality for Drinking through Water Quality Index and Human Health Risk 

Index in an Upland Area of Chota Nagpur Plateau of West Bengal, India. https://doi.org/10.1007/978-3-030-63422-

3_19 

[27] Ramalingam, S., Panneerselvam, B., & Kaliappan, S. P. (2022). Effect of high nitrate contamination of 

groundwater on human health and water quality index in semi-arid region, South India. Arabian Journal of 

Geosciences. https://doi.org/10.1007/s12517-022-09553-x 

[28] Singh, G., Rishi, M. S., Herojeet, R., Kaur, L., & Sharma, K. (2020). Evaluation of groundwater quality and 

human health risks from fluoride and nitrate in semi-arid region of northern India. Environmental Geochemistry and 

Health. https://doi.org/10.1007/S10653-019-00449-6 

[29] Adimalla, N., Qian, H., & Li, P. (2020). Entropy water quality index and probabilistic health risk assessment 

from geochemistry of groundwaters in hard rock terrain of Nanganur County, South India. 

https://doi.org/10.1016/J.CHEMER.2019.125544 

[30] Ramajayam, Mahalingam, Sarangapani (2024). Assessment of hydrogeochemical characteristics and potable 

quality of groundwater around Retteri lake in Thiruvallur district, Tamil Nadu, India. Zastita Materijala, 65(3). (2024) 

https://doi.org/10.62638/ZasMat1204 

[31] Singh, R., Singh, S., Das, A., Sahu, H., Durgam, M., Khose, S., Pohshna, C., & Mailapalli, D. (2024). Evaluating 

Groundwater Quality for Drinking and Irrigation Purposes and Health Risk Assessment in West Midnapore District 

of West Bengal, India. Journal of Agricultural Engineering (India), 61(4). https://doi.org/10.52151/jae2024614.1869 

[32] Sarma, R. V., & Singh, S. K. (2023). Assessment of groundwater quality and human health risks of nitrate and 

fluoride contamination in a rapidly urbanizing region of India. Environmental Science and Pollution Research. 

https://doi.org/10.1007/s11356-023-26204-0 

[33] Taloor, A. K., Sharma, S., Pir, R. A. (2023). Appraisal of health risks associated with exposure of fluoride and 

nitrate contaminated springs in the Doda Kishtwar Ramban (DKR) region of Jammu and Kashmir, India. Journal of 

Geochemical Exploration. https://doi.org/10.1016/j.gexplo.2023.107380 

https://doi.org/10.1007/s10653-019-00374-8
https://doi.org/10.62638/ZasMat1204
https://doi.org/10.52151/jae2024614.1869
https://doi.org/10.1007/s11356-023-26204-0


[34] Panneerselvam, B., Muniraj, K., Pande, C. B., Ravichandran, N., Thomas, M., & Karuppannan, S. (2021). 

Geochemical evaluation and human health risk assessment of nitrate-contaminated groundwater in an industrial area 

of South India. Environmental Science and Pollution Research. https://doi.org/10.1007/S11356-021-17281-0 

[35] Biswas, T., Paul, S., Ruidas, D., Saha, A., Shit, M., Islam, A. R. M. T., Islam, A., & Costache, R. (2023). 

Evaluation of groundwater contamination and associated human health risk in a water-scarce hard rock-dominated 

region of India: Issues, management measures and policy recommendation. Groundwater for Sustainable 

Development. https://doi.org/10.1016/j.gsd.2023.101039 

[36] Goyal, H., Lanjewar, R., Chitransh, S., & Mondal, P. (2025). A Comprehensive Exploration of Groundwater 

Quality of Ambagarh Chowki Region, Chhattisgarh, India: Water Quality Index, Health Risk, and ANN Predictive 

Modeling. Water Environment Research. https://doi.org/10.1002/wer.70125 

[37] Karanveer, Bala, Das (2022). Geochemical and health risk assessment of potentially toxic trace elements and 

nitrate via groundwater in agro-ecosystem of alluvial plain Punjab, India. Human and Ecological Risk Assessment. 

https://doi.org/10.1080/10807039.2022.2113734 

[38] CGWB (Central Ground Water Board). (2017). Ground Water Year Book – Kerala State. Government of India, 

Ministry of Water Resources. 

[39] Sane, P. B., Gaikwad, S. P., Mahale, R. R., Muley, A., Supekar, A., Dongare, A. N., & Bhagat, A. A. (2025). 

Unusually High Levels of Fluoride and Nitrate in Groundwater in Southern India: Water Quality Indices and 

Associated Health Hazard Implications. Journal of Geosciences Research. https://doi.org/10.56153/g19088-025-

0242-81 

[40] Subramaniyan, A., & Ganesan, S. (2024). Human health risk and water quality assessment due to fluoride and 

nitrate around Cauvery River basin, southern India. Environmental Monitoring and Assessment. 

https://doi.org/10.1007/s10661-024-12985-5 

[41] Mukherjee, A., Saha, D., Harvey, C. F., Taylor, R. G., Ahmed, K. M., & Bhanja, S. N. (2015). Groundwater 

systems of the Indian sub-continent. Journal of Hydrology: Regional Studies, 4, 1–14. 

https://doi.org/10.1016/j.ejrh.2015.03.005 

[42] Sushree Sabinaya, Biswanath Mahanty, Pema Lhamo et al. Application of a multivariate water quality index to 

evaluate the groundwater geochemistry of Jajpur district, Odisha, India and assessment of potential health risks, 20 

March 2023, https://doi.org/10.21203/rs.3.rs-2526556/v1.  

[43] Khan, N., Malik, A., & Nehra, K. (2021). Groundwater hydro-geochemistry, quality, microbiology and human 

health risk assessment in semi-arid area of Rajasthan, India: a chemometric approach. Environmental Monitoring and 

Assessment. https://doi.org/10.1007/S10661-021-08979-2 



[44] Malik, N., Malik, A., & Bishnoi, S. (2021). Assessment of groundwater hydro-geochemistry, quality, and human 

health risk in arid area of India using chemometric approach. Arabian Journal of Geosciences. 

https://doi.org/10.1007/S12517-021-07852-3 

[45] Sahu, B. L., Banjare, G. R., Ramteke, S., Patel, K. S., & Matini, L. (2017). Fluoride Contamination of 

Groundwater and Toxicities in Dongargaon Block, Chhattisgarh, India. Exposure and Health. 

https://doi.org/10.1007/S12403-016-0229-3 

[46] Panneerselvam, B., Ravichandran, N., Kaliyappan, S. P., Karuppannan, S., & Bidorn, B. (2023). Quality and 

Health Risk Assessment of Groundwater for Drinking and Irrigation Purpose in Semi-Arid Region of India Using 

Entropy Water Quality and Statistical Techniques. Water, 15(3), 601. https://doi.org/10.3390/w15030601 

[47] Reddy, C. K. V, C. Golla, V. Badapalli, P. K. Badapalli & Reddy, N. B. Y. (2022). Evaluation of groundwater 

contamination for fluoride and nitrate in Nellore Urban Province, Southern India: a special emphasis on human health 

risk assessment (HHRA). Applied Water Science. https://doi.org/10.1007/s13201-021-01537-8 

[48] Singh, R., Upreti, P., Allemailem, K. S., Almatroudi, A., Rahmani, A. H., & Albalawi, G. M. (2022). Geospatial 

Assessment of Ground Water Quality and Associated Health Problems in the Western Region of India. Water. 

https://doi.org/10.3390/w14030296 

[49] G., K., Kothandaraman, S., Karuppanan, K., & Hussain, S. (2024). Groundwater Quality and Suitability 

Assessment in Tirupur Region, Tamil Nadu, India. Journal of Chemistry. https://doi.org/10.1155/2024/6083772 

[50] Kouser, B., Bala, A., Verma, O., Prashanth, M., Khosla, A., & Pir, R. A. (2022). Hydrochemistry for the 

assessment of groundwater quality in the Kathua region, Jammu and Kashmir, India. Applied Water Science. 

https://doi.org/10.1007/s13201-022-01673-9 

[51] Basha, U. I., Rajasekhar, M., Ghosh, S., Das, P., & Suresh, U. (2022). Spatial assessment of groundwater quality 

using CCME-WQI and hydrochemical indices: a case study from Talupula Mandal, Ananthapuramu district, South 

India. Applied Water Science. https://doi.org/10.1007/s13201-022-01677-5 

[52] Singh, K., Singh, R. D., & Pandey, G. (2022). Hydrogeochemistry, solute source identification, and health risk 

assessment of groundwater of cancer prone region in India. Water Science & Technology: Water Supply. 

https://doi.org/10.2166/ws.2022.435 

[53] Yadav, K. K., Gupta, N., Kumar, V., Choudhary, P., & Khan, S. A. (2018). GIS-based evaluation of groundwater 

geochemistry and statistical determination of the fate of contaminants in shallow aquifers from different functional 

areas of Agra city, India: levels and spatial distributions. RSC Advances. https://doi.org/10.1039/C8RA00577J 

[54] Dhanya Raj, & Shaji, E. (2017). Fluoride contamination in groundwater resources of Alleppey, southern India. 

Geoscience Frontiers, 8(1), 117–124. https://doi.org/10.1016/j.gsf.2016.01.002 

https://doi.org/10.3390/w14030296
https://doi.org/10.1016/j.gsf.2016.01.002


[55] Shaikh, H., Gaikwad, H., Kadam, A., & Umrikar, B. (2020). Hydrogeochemical characterization of groundwater 

from semiarid region of western India for drinking and agricultural purposes with special reference to water quality 

index and potential health risks assessment. Applied Water Science. https://doi.org/10.1007/S13201-020-01287-Z 

[56] Srinivas, Y., Oliver, D. H., Raj, A. S., & Chandrasekar, N. (2013). Evaluation of groundwater quality in and 

around Nagercoil town, Tamilnadu, India: an integrated geochemical and GIS approach. Applied Water Science. 

https://doi.org/10.1007/S13201-013-0109-Y 

[57] Mhaske, G. D., Bhalla, R., & Nalawade, P. M. (2022). Study of groundwater hydrochemistry and drinking 

appropriateness using Water Quality Index (WQI) modelling in the Jam river basin, India. Ecology, Environment and 

Conservation. https://doi.org/10.53550/eec.2022.v28i08s.071 

[58] Naskar, S., Mandal, D., Biswas, B., & Mukherjee, C. (2025). Hydro chemical assessment of groundwater quality 

using pollution index, quality indexes, fuzzy-GIS, graphical and multivariate techniques from a mining region of 

Eastern India. Discover Water. https://doi.org/10.1007/s43832-025-00240-y 

[59] Wagh, V., Mukate, S., Panaskar, D. B., Muley, A., & Sahu, U. L. (2019). Study of groundwater hydrochemistry 

and drinking suitability through Water Quality Index (WQI) modelling in Kadava river basin, India. Discover Water 

Science..https://doi.org/10.1007/S42452-019-1268-8 

[60] Sidhu, N., Kaur, L., Rishi, M. S., din, S. N. U., Tewari, K., & Singh, P. (2024). Integrating multivariate 

hydrogeochemical analysis with human health risk assessment: An inverse geochemical and statistical modeling 

approach. Journal of Geochemical Exploration. https://doi.org/10.1016/j.gexplo.2024.107389 

[61] Karunanidhi, D., Aravinthasamy, P., Deepali, M., Subramani, T., & Shankar, K. (2021). Groundwater Pollution 

and Human Health Risks in an Industrialized Region of Southern India: Impacts of the COVID-19 Lockdown and the 

Monsoon Seasonal Cycles. Archives of Environmental Contamination and Toxicology. 

https://doi.org/10.1007/S00244-020-00797-W 

[62] Vijayakumar, C. R., Balasubramani, D. P., & Azamathulla, H. M. (n.d.). Assessment of Groundwater Quality 

and Human Health Risk Associated with Chromium Exposure in the Industrial Area of Ranipet, Tamil Nadu, India. 

https://doi.org/10.2166/washdev.2021.260 

[63] Alam, M. A., Mailapalli, D. R., & Maheshwari, B. (2024). Assessing groundwater quality, health risks, and policy 

implications: A case study of West Medinipur District, West Bengal, India. World Water Policy. 

https://doi.org/10.1002/wwp2.12160 

[64] Saw, S. H., Singh, P. K., Mahato, J. K., Patel, R., Dhopte, D. N., & Asenso, E. (2022). Groundwater Suitability 

Evaluation Using Entropy Weightage Quality Index (EWQI) Model and Human Health Cancer Risk Assessment of 

Heavy Metal in Eastern India. BioMed Research International. https://doi.org/10.1155/2022/2476126 



[65] Ullengula, M., Dhakate, R., Rao, N. S., Suryabhagavan, K. V., More, S., Gugulothu, S., Badapalli, P. K., & 

Ratnalu, G. V. (2026). Temporal dynamics of groundwater quality and associated health risks in a semi-arid region of 

South India. Discover Sustainability. https://doi.org/10.1007/s43621-026-02672-5 

[66] Karunanidhi, D., Aravinthasamy, P., Roy, P. D., Praveenkumar, R. M., Prasanth, K., Selvapraveen, S., 

Thowbeekrahman, A., Subramani, T., & Srinivasamoorthy, K. (2020). Evaluation of non-carcinogenic risks due to 

fluoride and nitrate contaminations in a groundwater of an urban part (Coimbatore region) of south India. 

Environmental Monitoring and Assessment. https://doi.org/10.1007/S10661-019-8059-Y 

[67] Ambade, B., Sethi, S. S., Patidar, K., Gautam, S., & AlShehri, M. A. (2024). Assessing Variability and 

Hydrochemical Characteristics of Groundwater Fluoride Contamination and its Associated Health Risks in East 

Singhbhum district of Jharkhand, India. Journal of Hazardous Materials. 

https://doi.org/10.1016/j.jhazmat.2024.135498 

[68] Saraswat, A., Nath, T., Omeka, M. E., Unigwe, C. O., Anyanwu, I. E., Ugar, S. I., Latare, A., Raza, M. B., Behera, 

B., Adhikary, P. P., Scopa, A., & AbdelRahman, M. A. E. (2023). Irrigation suitability and health risk assessment of 

groundwater resources in the Firozabad industrial area of north-central India: An integrated indexical, statistical, and 

geospatial approach. Frontiers in Environmental Science. https://doi.org/10.3389/fenvs.2023.1116220 

[69] Khan, A. F., Srinivasamoorthy, K., Prakash, R., Gopinath, S., Saravanan, K., Vinnarasi, F., Babu, C., & Rabina, 

C. (2021). Human health risk assessment for fluoride and nitrate contamination in the groundwater: A case study from 

the east coast of Tamil Nadu and Puducherry, India. Environmental Earth Sciences. https://doi.org/10.1007/S12665-

021-10001-4 

[70] Krishnappa, S. M., Channabasavaiah, S., Hanche, D., Ananda, K. D., & Muthanarasimha, A. P. (2024). 

Evaluating Health Risks Associated with Fluoride and Nitrate Contaminants in Drinking Water to Residents Living 

in the Chikkaballapur Taluk of Karnataka, India. Environmental Quality Management. 

https://doi.org/10.1002/tqem.22315 

[71] Shirke, K. D., Kadam, A., & Pawar, N. J. (2020). Temporal variations in hydro-geochemistry and potential health 

risk assessment of groundwater from lithological diversity of semi-arid region, Western Gujarat, India. Applied Water 

Science. https://doi.org/10.1007/S13201-020-01235-X 

[72] Saha, R., Wankhede, T., Majumdar, R. C., & Das, I. (2024). Pan India fluoride hazard assessment in groundwater. 

Journal of Hazardous Materials. https://doi.org/10.1016/j.jhazmat.2024.135543 

[73] Hanse, A., Chabukdhara, M., Baruah, S. G., Boruah, H., & Gupta, S. K. (2019). Fluoride contamination in 

groundwater and associated health risks in Karbi Anglong District, Assam, Northeast India. Environmental 

Monitoring and Assessment. https://doi.org/10.1007/S10661-019-7970-6 

https://doi.org/10.1007/S10661-019-7970-6


[74] Mukherjee, I., & Singh, U. K. (2022). Environmental fate and health exposures of the geogenic and anthropogenic 

contaminants in potable groundwater of Lower Ganga Basin, India. Geoscience Frontiers. 

https://doi.org/10.1016/j.gsf.2022.101365 

[75] Sahoo, T., Panda, J., Swain, S., Sahoo, S. K., Maurya, M. K., Hembram, M., Rath, P., Maity, J. P., Sahu, A. K., 

& Sahu, R. (2024). Integrated Geochemical Analysis of Groundwater Quality and Human Health Risks by Using 

Multivariate Statistical Methods: A Case Study of Mayurbhanj District, Odisha, India. 

https://doi.org/10.21203/rs.3.rs-4204728/v1.  

[76] Ravindra, K., & Mor, S. (2019). Distribution and health risk assessment of arsenic and selected heavy metals in 

Groundwater of Chandigarh, India. Environmental Pollution. https://doi.org/10.1016/J.ENVPOL.2019.03.080 

[77] Adimalla, N., Li, P., & Qian, H. (2018) Evaluation of groundwater contamination for fluoride and nitrate in semi-

arid region of Nirmal Province, South India: A special emphasis on human health risk assessment (HHRA). Human 

and Ecological Risk Assessment: An International Journal. https://doi.org/10.1080/10807039.2018.1460579 

[78] Ahada, C. P. S., & Suthar, S. (2019). Assessment of human health risk associated with high groundwater fluoride 

intake in southern districts of Punjab, India. Exposure and Health. https://doi.org/10.1007/S12403-017-0268-4 

[79] Mawari, G., Kumar, N., Sarkar, S., Frank, A. L., Daga, M. K., Joshi, T., & Singh, I. (2022). Human Health Risk 

Assessment due to Heavy Metals in Ground and Surface Water and Association of Diseases with Drinking Water 

Sources: A Study from Maharashtra, India. Environmental Health Insights. 

https://doi.org/10.1177/11786302221146020 

[80] Mukherjee, I., Singh, U., & Patra, P. K. (2019). Exploring a multi-exposure-pathway approach to assess human 

health risk associated with groundwater fluoride exposure in the semi-arid region of east India. Chemosphere. 

https://doi.org/10.1016/J.Chemosphere.2019.05.278 

[81] Yadav, K. K., Kumar, V., Gupta, N., Kumar, S., Rezania, S., & Singh, N. (2019). Human health risk 

assessment: Study of a population exposed to fluoride through groundwater of Agra city, India. Regulatory 

Toxicology and Pharmacology. https://doi.org/10.1016/j.yrtph.2019.04.013 

[82] Ahada, C. P. S., & Suthar, S. (2018). Groundwater nitrate contamination and associated human health risk 

assessment in southern districts of Punjab, India. Environmental Science and Pollution Research. 

https://doi.org/10.1007/S11356-018-2581-2 

[83] Hussain, I., Arif, M., & Hussain, J. (2012). Fluoride contamination in drinking water in rural habitations of 

Central Rajasthan, India. Environmental Monitoring and Assessment. https://doi.org/10.1007/S10661-011-2329-7 

[84] Madhavan, S., Srinivasa, Kolanuvada, R., Sampath, V., Debajyoti, P., Moorthy, P., Natarajan, L., Chokkalingam, 

L., & Roy, P. D. (2023). Assessment of groundwater vulnerability using water quality index and solute transport model 



in Poiney sub-basin of south India. Environmental Monitoring and Assessment. https://doi.org/10.1007/s10661-022-

10883-2 

[85] Chaudhry, A. K., & Sachdeva, P. (2021). Groundwater Fluoride Contamination and Probabilistic Health-risk 

Assessment in Fluoride Endemic Areas of the Lower Satluj Basin, Punjab, India. https://doi.org/10.21203/RS.3.RS-

466491/V1.  

[86] Das, B., Rahman, M. M., Nayak, B., Pal, A., Chowdhury, U. K., Mukherjee, S. C., Saha, K. C., Pati, S., 

Quamruzzaman, Q., & Chakraborti, D. (2009). Groundwater Arsenic Contamination, Its Health Effects and Approach 

for Mitigation in West Bengal, India and Bangladesh. Water Quality, Exposure and Health. 

https://doi.org/10.1007/S12403-008-0002-3 

[87] Ghosh, A., Stening, J., & Chakraborty, R. (2024). Recovery of ecosystems pollution by contaminants of potential 

concern using phytoremediation techniques. Integrated Environmental Assessment and Management. 

https://doi.org/10.1002/ieam.4973 

[88] Piyush Gupta, Paturu Siva Niveditha, S. Sharada, Treatment of Contaminated Ground Water Using 

Phytoremediation Technique at Anantapur, India, World Environment, Vol. 9 No. 2, 2019, pp. 46-55. 

https://doi.org/10.5923/j.env.20190902.03 

[89] Gupta, P., Roy, S., & Mahindrakar, A. B. (2015). Treatment of groundwater using phytoremediation technique 

at Kolar Gold Fields, India. International Journal of Environmental Engineering. 

https://doi.org/10.1504/IJEE.2015.069252 

[90] Cherukumilli, K., Maurer, T., Hohman, J. N., Mehta, Y., Gadgil, A. J., & Gadgil, A. J. (2018). Effective 

remediation of groundwater fluoride with inexpensively processed Indian bauxite. Environmental Science & 

Technology. https://doi.org/10.1021/ACS.EST.7B05539 

[91] Inaniyan, M., & Raychoudhury, T. (2019). Application of activated carbon-metal composite for fluoride removal 

from contaminated groundwater in India. International Journal of Environmental Science and Technology. 

https://doi.org/10.1007/S13762-018-2097-9 

[92] Koley S. Contemporary practices in groundwater arsenic remediation and wastewater management in West 

Bengal, India: a systematic review. International Journal of Advanced Technology and Engineering Exploration. 

2021;8(80):797-821. https://doi.org/10.19101/IJATEE.2021.874281 

[93] Singh, A., Maurya, S., Saxena, A., & Gupta, G. (2024). A Review of Phytoremediation Techniques Used for 

Removal of Arsenic from Groundwater. https://doi.org/10.1201/9781003442295-7 

[94] Awasthi, S., Chauhan, R., Dwivedi, S., Srivastava, S., & Tripathi, R. D. (2021). Arsenic Contamination of 

Groundwater and Its Mitigation Strategies. https://doi.org/10.1007/978-981-15-8358-2_5 

https://doi.org/10.21203/RS.3.RS-466491/V1
https://doi.org/10.21203/RS.3.RS-466491/V1


[95] Nadim Reza Khandaker & Mohammad Moshiur Rahman (2022). Understanding Sustainable Arsenic Mitigation 

Technology Application in the Indian Subcontinent. Wastewater Assessment, Treatment, Reuse and Development in 

India. https://doi.org/10.1007/978-3-030-95786-5_5 

[96] Marghade, D., Mehta, G., Shelare, S. D., Jadhav, G., & Nikam, K. C. (2023). Arsenic Contamination in Indian 

Groundwater: From Origin to Mitigation Approaches for a Sustainable Future. Water. 

https://doi.org/10.3390/w15234125 

[97] Wintgens, T., Nättorp, A., Elango, L., & Asolekar, S. R. (2015). Natural Water Treatment Systems for Safe and 

Sustainable Water Supply in the Indian Context: Saph Pani. Water Intelligence Online. 

https://doi.org/10.2166/9781780408392 

[98] Pal, P., Sen, M., Manna, A., Pal, J., Pal, P., Roy, S., & Roy, P. (2009). Contamination of groundwater by arsenic: 

a review of occurrence, causes, impacts, remedies and membrane-based purification. Journal of Integrative 

Environmental Sciences. https://doi.org/10.1080/19438150903185077 

[99] Sultan, M., Qureshi, F., Ahmed, S., Kamyab, H., Rajendran, S., Ibrahim, H., & Yusuf, M. (2024). A 

Comprehensive Review on Arsenic Contamination in Groundwater: Sources, Detection, Mitigation Strategies and 

Cost Analysis. Environmental Research. https://doi.org/10.1016/j.envres.2024.120457 

[100] Malik, A., Katyal, D., Narwal, N., Kataria, N., Ayyamperumal, R., & Khoo, K. S. (2023). Sources, distribution, 

associated health risks and remedial technologies for inorganic contamination in groundwater: A review in specific 

context of the state of Haryana, India. Environmental Research. https://doi.org/10.1016/j.envres.2023.116696 

[101] Barathkumar, S., Sellamuthu, K., Sathiyabama, K., Malathi, P., Kumaraperumal, R., Devagi, P., & 

Pazhanivelan, S. (2025). Groundwater quality assessment in selected polluted hotspots of Tamil Nadu, India using 

geospatial and statistical approaches. Desalination and Water Treatment. https://doi.org/10.1016/j.dwt.2025.101047 

[102] Cherukumilli, K., Delaire, C., Amrose, S., Gadgil, A. J., & Gadgil, A. J. (2017). Factors governing the 

performance of bauxite for fluoride remediation of groundwater. Environmental Science & Technology. 

https://doi.org/10.1021/ACS.EST.6B04601 

[103] Kalaiselvi, N., & Pillai, V. K. (2019). Dendritic growth and spread of Electrochemical Research in India. 

https://doi.org/10.16943/PTINSA/2019/49736 

[104] Vijaylaxmi, & Khan, S. (2021). Fluoride Remediation Using Membrane Processes. https://doi.org/10.1007/978-

981-15-5499-5_6 

[105] Saha, D., Dwivedi, S. N., & Singh, R. K. (2014). Aquifer system response to intensive pumping in urban areas 

of the Gangetic plains, India: the case study of Patna. Environmental Earth Sciences. https://doi.org/10.1007/S12665-

013-2577-7 

https://link.springer.com/chapter/10.1007/978-3-030-95786-5_5#auth-Nadim_Reza-Khandaker
https://link.springer.com/chapter/10.1007/978-3-030-95786-5_5#auth-Mohammad_Moshiur-Rahman
https://link.springer.com/book/10.1007/978-3-030-95786-5
https://link.springer.com/book/10.1007/978-3-030-95786-5
https://doi.org/10.2166/9781780408392


[106] Karunanidhi, D., Aravinthasamy, P., Roy, P. D., Subramani, T., & Jayasena, H. C. (2024). Nitrate contamination 

in groundwater and its evaluation of non-carcinogenic health hazards from Arjunanadi River basin, south India. 

Groundwater for Sustainable Development. https://doi.org/10.1016/j.gsd.2024.101153 

[107] Kumar, M., Patel, A. K., Das, A., Kumar, P., Goswami, R., Deka, P., & Das, N. (2017). Hydrogeochemical 

controls on mobilization of arsenic and associated health risk in Nagaon district of the central Brahmaputra Plain, 

India. Environmental Geochemistry and Health. https://doi.org/10.1007/S10653-016-9816-2 

[108] Mandal, J., & Sanyal, S. (2019). Geospatial Analysis of Fluoride Concentration in Groundwater in Puruliya 

District, West Bengal. https://doi.org/10.20896/SACI.V6I5.369 

[109] Narsimha, A., & Sudarshan, V. (2017). Contamination of fluoride in groundwater and its effect on human health: 

a case study in hard rock aquifers of Siddipet, Telangana State, India. Applied Water Science. 

https://doi.org/10.1007/S13201-016-0441-0 

[110] Muthusamy, P., Paneerselvam, B., Kaliyappan, S. P., Almohamad, H., Aldosari, A. A., & Abdo, H. G. (2023). 

Pollution Source Identification and Suitability Assessment of Groundwater Quality for Drinking Purposes in Semi-

Arid Regions of the Southern Part of India. Water. https://doi.org/10.3390/w15223995 

[111] Nagaraj S, Masilamani US. Hydrogeochemical and multivariate statistical approaches to investigate the 

characteristics of groundwater quality in fluoride-enriched hard rock region in Tirupathur district of Tamil Nadu, 

India. Environ Sci Pollut Res Int. 2023 Sep;30(44):99809-99829. https://doi.org/10.1007/s11356-023-29254-6. Epub 

2023 Aug 24. PMID: 37615908. 

[112] Bhuiyan, C., & Ray, P. K. C. (2017). Groundwater Quality Zoning in the Perspective of Health Hazards. Water 

Resources Management. https://doi.org/10.1007/S11269-016-1522-4 

[113] Yasaswini, G., Kushala, S., Santhosh, G. S. V., Naik, M. T. K., Mondal, M., Dey, U., Das, K., & Kumar, P. 

(2024). Occurrence and Distribution of Fluoride in Groundwater and Drinking Water Vulnerability of a Tropical Dry 

Region of Andhra Pradesh, India. Water. https://doi.org/10.3390/w16040577 

[114] Mukherjee, A., Sarkar, S., Chakraborty, M., Duttagupta, S., Bhattacharya, A., Saha, D., Bhattacharya, P., 

Mitra, A., & Gupta, S. (2021). Occurrence, predictors and hazards of elevated groundwater arsenic across India 

through field observations and regional-scale AI-based modeling. Science of the Total Environment. 

https://doi.org/10.1016/j.scitotenv.2020.143511 

[115] Thalod, S., & Sharma, G. (2024). Arsenic Contamination in Groundwater of Haryana’s National Capital Region 

and Their Comparative Assessment (Mahendragarh, Rewari, and Jhajjar Districts). Cuestiones de Fisioterapia. 

https://doi.org/10.48047/a4mqp857 

 


